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Macroalgae form a diverse and ubiquitous group of photosynthetic organisms that play 
a key role in the structuring and function of marine communities. Through the fixation of 
carbon, macroalgae contribute a sizeable proportion of total coastal primary production. It is 
known that a considerable fraction of this production is released as dissolved organic carbon 
(DOC) directly into the water column. DOC is of crucial importance to the marine carbon cycle 
as it sustains secondary production by heterotrophic bacteria and represents the starting point 
for the microbial loop. This process is important as it acts to link primary production with 
higher order consumers in the food web. The surfaces of macroalgae contain biofilms of 
epibiotic bacteria that utilize macroalgae derived DOC from the algal surface. These biofilms 
could potentially contribute significantly to the carbon flux of marine ecosystems. The aim of 
this study was to quantify the level of secondary production by heterotrophic bacteria 
associated with macroalgal biofilms and gain a greater understanding of the interactions 
macroalgae have with heterotrophic bacteria. By studying the pathways and fate of macroalgae 
primary production we hope to better understand the ecology of the marine system as a whole. 
To address this, the bacterial biofilms of a variety of macroalgae species found throughout 
southern New Zealand were investigated. The incorporation of tritiated leucine was used to 
measure bacterial biomass production of their biofilm. Biolog Ecoplates were employed to 
further assess the bacterial biofilm communities. The results suggest that secondary production 
derived from macroalgae biofilms likely constitutes a significant pathway for fixed carbon 
within coastal systems, but that such production varies as a consequence of several key factors. 
Underlying host specific tissue characteristics were identified to be important in controlling the 
associated biofilms productivity. More specifically, productivity is linked to microbial 
successional factors that drive the bacterial assemblage to align with the consumption of host 
specific carbon products. As a whole, the contribution of macroalgae biofilms to the carbon 
flux of the system is tied to the overall abundance of macroalgae and is it not chiefly controlled 
by the productivity of biofilms specifically. The assessment of the carbon consumption profile 
of the giant kelp Macrocystis pyrifera biofilm provided insights into host-epiphyte interactions 
and elucidated factors of their greater ecology. This technique is identified to be of use in future 
works of algal chemical ecology. This study is the first to examine macroalgae biofilms in 
terms of heterotrophic biomass production across a range of species and phyla within the 




profile of a macroalgae biofilm using Biolog Ecoplates. This work extends our current 
knowledge on biofilm community assembly and their dynamics on living surfaces. Information 
garnered from this study highlights the importance heterotrophic bacteria have in the process 
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Chapter 1. Introduction 
 
(1.1) Importance of Temperate Rocky Reef Systems 
 
Comprised of rock substrate of varying degrees of relief, coastal reef ecosystems form 
physical habitat high in three-dimensional complexity. Often dominated by macroalgae, these 
areas form the basis of extensive underwater ecosystems in the subtidal and intertidal rocky 
shores of temperate regions (Christie et al., 2003; Graham, 2004; Coleman et al., 2007) as well 
as areas of nutrient upwelling in the tropics (Graham et al., 2007) and Arctic (Dunton et al., 
1982). These systems are characterised by high magnitudes of primary productivity (Mann, 
1973; Duggins et al., 1989) and provide numerous key ecosystem services. For example, they 
represent feeding grounds for commercially important fish species (Norderhaug et al., 2005) 
and offer nursery habitat in the form of food, shelter and substrate for a great diversity of 
macroscopic organisms such as invertebrates  (Coyer, 1984; Christie et al., 2003), juvenile 
fishes (Gillanders et al., 2003) and epiphytic macroalgae (Tokida, 1960). Traditionally, the 
factors regulating biodiversity, as well as the wider ecology of macroscopic organisms within 
these systems, has been well studied. The function of these marine ecosystems is the central 
topic in the review by Steneck et al. (2002). In contrast to the relatively well investigated 
macrofauna and -flora of coastal ecosystems, knowledge of the biodiversity and function of 
microorganisms within these systems remains limited. Constituting the most successful and 
prolific forms of life in terms of both total biomass and diversity, bacteria are ubiquitous 
throughout the marine environment and are believed to be critically important in many of their 
processes. One such process is the role heterotrophic bacteria play as secondary producers 
utilising carbon derived from macroalgal primary production. (Stuart et al., 1981; Newell & 
Field; 1983). 
 
(1.2) Bacterial Biofilms and their Formation  
 
Competition for space and resources is intense in benthic marine environments 
(McClintoc & Baker, 2001). This holds true as an ecological pressure for aquatic microbes in 
the marine environment too. In such habitats, the surface of macroalgae constitutes an ideal 
substrate for bacterial growth and development. Rich in organic material the formation of a 
bacterial matrix adherent to the underlying surface or interface forms. Such a formation is 




mutualistic, benefiting both host and symbiont. For example, the works of Boyd et al. (1999) 
and Armstrong et al. (2001) indicate that metabolites derived from bacteria associated with 
macroalgae protect the host from detrimental biofouling. Other works clearly highlight the 
deleterious effects these relationships can have on the host macroalgae individual. Through 
algal disease and fouling as well as associated fitness costs, bacteria can act upon macroalgae 
individuals and communities to reduce growth and survivability (D’Antonio, 1985; Correa, 
1997; Ruesink, 1998). For instance, Red spot disease in the commercially cultivated kelp 
Laminaria japonica (Sawabe et al., 1998) is caused by the bacterium Pseudoalteromonas 
bacteriolytica; similarly, white rot disease in the habitat forming Nereocystis luetkeana is 
induced by an Acinetobacter sp. bacterium (Andrews, 1977). 
 
Epibiosis can be considered a mainly aquatic phenomenon. One major reason for this 
lies in the higher density of water as a physical medium when compared to that of air. Unlike 
terrestrial organisms, aquatic organisms are less restricted to specific settlement sites as water 
provides a convenient nutrient (dissolved or particulate) vector. Furthermore, while desiccation 
and evaporation may represent significant challenges for terrestrial organisms, these challenges 
are unknown to subtidal marine species (Wahl, 1989). Virtually all solid surfaces represent 
potential settlement sites for marine microorganisms. The high viscosity of water in 
combination with the low specific weight of immersed microbes renders surfaces high in 
nutrient availability intensely competed for with attachment crucial for success, particularly in 
turbulent environments. As a consequence, unoccupied physical strata may often become a 
limiting factor in otherwise favourable environments resulting in a tendency for organism 
density to increase and biofilms to form.  
 
The process of bacterial epibiosis/biofouling has been investigated thoroughly in 
relation to organisms on range a of size scales but is generally limited to that of studying them 
on inert surfaces. While fewer in number, studies investigating the fouling sequence on natural 
surfaces are limited in number but demonstrate comparable results (Novak, 1984; Bengtsson 
& Øvreås, 2010; Bengtsson et al., 2012). Complex in nature, the general succession process 
can be simplified as typically following a consistent pattern of formation independent of the 
underlying substratum, environmental factors or colonizing species (Characklis, 1981; Corpe, 
1982; Baier et al., 1983; Bakus et al., 1986) (Fig.1).  In the course of formation, the prevailing 
process changes from physical, to biochemical, to predominantly biological and is described 






Figure 1.1: Schematized colonizing sequence (succession) of bacterial biofilms and the 
establishment of a mature ‘fouling’ community. Time scales and species involved will vary 
depending on a range of factors including latitude, season, hydrodynamics etc. (Based on Wahl, 
1989, Fig. 1).   
 
i) Biochemical conditioning is the absorption of dissolved chemical compounds 
(typically macromolecules) to a surface moments after its initial formation when in 
contact with seawater (Wahl, 1989). This process is purely physical in nature, 
occurring spontaneously after immersion whereby organic molecules at the 
solid/liquid interface are concentrated (Baier, 1984; Dexter & Lucas, 1985). This 
instant may be the exposure of newly formed crustacean carapace after moulting, 
the emergence of new rock surfaces after cracking or breaking, the immersion of 
foreign material such as experimental glass slides, or the extrusion of newly formed 
macroalgae blade growth.  
 
ii) Bacterial surface colonization is mediated by an approach and absorption phase 
followed by an adhesion and attachment phase. Similar to that of the biochemical 
process, bacterial absorption is chiefly controlled by physical phenomena - 
Brownian motion, electrostatic forces, Van der Waals forces (Dexter, 1976; 1979, 
Fletcher & Loeb 1979; Walt et al., 1985). Altogether, the large-scale movement of 
bacteria is controlled by hydrodynamics (waves, turbulence and currents), while 















Wahl, 1989) and for motile bacteria forms, flagellar propulsion. Upon approaching 
a surface, bacteria first encounter a hydrodynamically inert viscous layer (~40 - 100 
µm thickness) of water that is found to coat all physical surfaces. Only upon 
piercing this upper layer via hydrodynamic forcing (microturbulence, down 
sweeps), bacterial motility or diffusion, can physical interactions between 
bacterium and the surface begin to act. When both the bacterium cell wall and 
absorbed macromolecular film are negatively charged, the tendency is for the 
antagonistic forces of electrical repulsion and Van der Waal attraction to lock the 
cell at a distance of 3 – 20 nm from the surface (Fletcher & McEldowney, 1984). 
This electrostatic barrier is bridged by the production of polysaccharide fibres 
which are enzymatically shortened thereby drawing the bacterium in (Fletcher, 
1984). With diminishing distance, Van der Waals forces overcome the electrostatic 
barrier resulting in the adhesion of the bacterium (Fig. 1.2). Bacterial colonization 
typically occurs within an hour of new surface immersion. A steady communal state 
is rarely achieved since the microbial community is continuously evolving and 
developing due to succession, physical disturbance, competition and predation 






Figure 1.2: The processes controlling bacterial attachment. Bacterial absorption and 
colonization SUB: substratum/basibiont, OF: organic film of absorbed macromolecules, F: 
bacterial polysaccharide fibrils anchored to macromolecules, W: Van der Waal’s forces of 
attraction, E: electrostatic repulsion, C: Bacteria cell, B: Brownian motion, M: bacterial 
motility, H: hydrodynamic currents and macroturbulence, DS: down-sweep (microturbulence), 
EL: electrostatic layer, VB: viscous water boundary layer, WB: water body (Based on Wahl, 
1989, Fig. 2).   
 
Knowledge of the importance bacterial biofilms have has grown significantly since 
their first description (Zobell & Anderson, 1936) and recognition of their ubiquity (Costerton, 
1978). A key feature of their significance is the numerous and complex physiological 
interactions that occur between host macroalgae individuals and the epiphytic bacterial biofilm. 
Some of these interactions are so important that the structural development and growth of the 


















foliaceous green macroalgae Ulva spp. is not capable of forming its typical morphology when 
cultured aseptically (Fries, 1975; Provasoli & Pintner, 1980; Tatewaki et al., 1983). Such a 
phenomenon can also be observed in the red macroalgae Dasya pedicellata and Polysiphonia 
urceolate (Provasoli & Pintner, 1972). While undoubtedly such work into these systems is 
crucial to fully comprehending how microbes interact with species on a macroscopic level, 
recent works suggest their real significance may lie with how bacterial biofilms utilise 
macroalgal chemical products providing a pathway for redirecting energy in marine systems 
via the microbial loop. Such a pathway may be a key component of coastal ecosystem function.   
 
(1.3) The Microbial Pathway 
 
The term ‘microbial loop’ was first coined by Azam et al. (1983) whereby the greater 
ecological significance of water column microbes was highlighted. The paper summarised and 
connected a variety of discoveries made during the prior decade and intervening years by 
several marine scientists. Critically, it identified that that classical model of the structure of 
marine plankton communities as described by e.g., Steele (1974) was incomplete and too 
simplified, lacking key microbial elements. While the existence of microscopic phototrophs, 
bacteria and heterotrophic protists had been recognised for some time, early research 
techniques often reported the bulk of such biomass as metabolically inactive cells. 
Improvements in bacteria counting techniques (Hobbie et al., 1977) and the utilisation of 14C-
labelled substrates such as glucose and amino acids demonstrated that such bacterial 
communities are in fact highly metabolically active (Wright & Hobbie, 1965; Hobbie et al., 
1972; Meyer-Reil, 1978), furthermore, Pomeroy (1974) determined O2 uptake by the smallest 
fraction of planktonic organisms are indeed substantial. Microbes were therefore demonstrated 
to play a major role in the transformation of matter and energy within the marine system. 
Altogether it is recognised that bacteria play a considerable role in terms of a pathway for 
energy and element cycling to move through within marine systems (Williams, 1981; Ducklow 
& Carlson 1992). 
 
Microorganisms constitute the dominant fraction of biomass in the marine environment, 
and when active, their high metabolic rates dominate the flux of energy and biologically 
important elements in the ocean (Pomeroy, 2007). Whilst rarely achieved, their high metabolic 
rate and potential for rapid division gives them the ability to rapidly respond to favourable 




dissolved organic carbon (DOC) (Pomeroy, 2007). Dissolved organic carbon in the marine 
environment represents one of the largest active organic carbon reservoirs in the biosphere, 
equivalent to the total CO2 in Earth’s atmosphere (Farrington, 1992), DOC is second only to 
marine dissolved inorganic carbon (DIC) in terms of size. DOC exhibits a range of potential 
sources and a wide spectrum of reactivity. In general, DOC is introduced into the marine 
environment from a range of sources including, but not limited to, bacterial lysis, exudation of 
fixed carbon from phytoplankton and macrophytes (e.g. macroalgae photoproduction or 
mucilaginous exopolymer diatoms), sudden cell senescence, profligate feeding by zooplankton, 
excretion of waste products by marine animals (Lampert, 1978) or the breakdown and 
dissolution of organic particles from terrestrial plants and soils (Van den Meersche et al., 2004).  
 
Heterotrophic bacteria consume this dissolved carbon, utilising it as energy rich matter 
for growth. As more than 95% of organic matter in marine systems consists of polymeric, high 
molecular weight (HMW) compounds (e.g. polysaccharides, lipids, protein), only a small 
fraction of total dissolved organic matter (DOM) is available for utilization by higher trophic 
organisms. As a result, DOC is not an immediately available energy source for most marine 
organisms; marine heterotrophic bacteria must transform this organic carbon into biomass 
before it may enter the food web as energy for higher trophic level organisms. This pathway 
can be described in a graphical presentation as the formation of a ‘loop’ in the classical 







Figure 1.3: Simplified diagram of the ocean’s food web showing the importance of 
heterotrophic bacteria and the microbial loop.  
 
 
(1.4) Macroalgae Primary Production and Dissolved Organic Carbon (DOC) 
 
Photosynthesis is a well understood biological process within aquatic systems and 
represents a major source of marine DOC. This photosynthetic carbon is produced by 
autotrophs ranging from cyanobacteria to trees (mangroves). In the open ocean, the bulk of 
primary production is contributed by unicellular autotrophs comprising upwards of 90% total 
open ocean autotropic carbon production (Smith & Hollibaugh, 1993). In contrast, 
photosynthetic primary production in coastal ecosystems by marine macrophytes (macroalgae, 
seagrasses, marsh plants, and mangroves) is responsible for at least ~50% of the autotropic 
carbon production (Ryther 1963; Platt & Subba Rao, 1975; Nixon et al., 1986), representing 
~75% of coastal autotrophic biomass (Smith, 1981). The areal biomass of macrophytes is 
roughly 400 times greater than that of phytoplankton and with a turnover rate much lower (ca. 
1-year vs a few days), these attributes implicate them as playing a significant role in the global 
carbon cycle (Smith, 1981). Macroalgae represent a significant portion of both this production 












kelps can be considered biogenic ecosystems however) but they can be found in any shallow 
water coastal or estuarine system and as such the fate of their net production depends on the 
ecosystem at hand. Macroalgal production can be grazed by herbivores, exported outside the 
system, buried within the system or enter the microbial loop pathway as detritus or DOM/DOC. 
Duarte & Cebrian (1996) compiled data from the literature on the production pathways for a 
number of macrophytes including macroalgal communities. Their work determined 
decomposition within the system, herbivore grazing pressure and export outside the system are 
significant vectors for production and that storage within sediment is negligible. However, only 
a small proportion of macroalgae (~10%) is directly consumed by higher order organisms 
(Miller et al., 1971; Gerard, 1976; Newell et al., 1982). As such, a significant proportion of 
fixed carbon derived from macroalgae must first be acted upon by bacteria before it can be 
utilised by higher trophic levels (Duggins, 1989). Because estimates of macrophyte production 
and consumption typically ignore the release of DOC, the degree to which it contributes to 
marine food web function is unknown.  
 
The release rates of DOM and DOC by various macroalgae species and assemblages 
remains a matter of debate. Most prior studies have reported release rates under laboratory 
conditions, typically utilising inorganic 14C addition methods. Measured values range from 1 
to 39% of gross primary production (Khailov & Burlakova, 1969; Brilinsky, 1977; Pregnall, 
1983, Abdullah and Fredriksen, 2004). However, these techniques can underestimate DOC 
production release rates as only 14C recently incorporated by an individual can be released as 
dissolved organic 14C. As most studies involve short term incubations setups the assumption is 
that the released products are early photosynthetic products or other compounds, which reach 
isotopic equilibrium rapidly. If the rate of release is relatively constant throughout the 
incubation, then the assumption can likely be considered fulfilled. However, this assumption 
has only been tested by a limited number of studies. Adding to the difficulties of quantifying 
DOC rates is the lack of consensus on the physiological, biochemical and physical processes 
that control its release. As a whole, good quality published measurements of DOC release rates 
of marine macroalgae species remain few in number. As a consequence, our understanding of 
the dynamics of macroalgal DOC production in marine ecosystems is limited.  
 
Estimates of primary production alone do not enable a sufficient understanding of the 
ecological importance or function macroalgae have in coastal systems, or their role in the 




production takes and a detailed examination of the fate of carbon fixed by macroalgae is. The 
fraction of marine photosynthetic carbon moving through different paths such as the microbial, 
herbivore or detrital paths has been reported to be independent of primary production (Cebrián 
& Duarte 1994, 1995). As such, the need for knowledge of both the fate and amount of 
photosynthetically derived carbon is needed in order to understand the functioning of any given 
ecosystem. Altogether the magnitude of primary production by marine autotrophs has been 
well studied and their carbon production quantified (Longhurst et al., 1995; Duarte & Cebrián, 
1996; Del Giorgio et al., 2002). In contrast, the number of detailed measurements and our 
knowledge of the dynamics of macrophyte DOC production in coastal ecosystems remains 
limited. It is not self-evident which mechanisms are responsible for macroalgal extracellular 
photosynthate and DOC production and the role this production has in structuring marine 




This thesis aims to describe and quantify the production of heterotrophic bacterial 
biofilms associated with macroalgae within the context of temperate kelp forest 
ecosystems. Macroalgae are significant primary producers and heterotrophic bacteria 
significant consumers. As such, it is interesting to study these groups at their interface as 
biofilms are likely an important intermediate between primary production and higher order 
food webs. By measuring and quantifying rates of bacterial production associated with 
macroalgae it is possible to draw conclusions on the movement and importance of macroalgal 
primary production. Such a process would remove the need to directly measure DOC, a 
difficult and costly process, and still allow for ecological conclusions to be made. This may lay 
a foundation for increased understanding of the roles bacteria have in temperate systems, which 
can ultimately shed more light on both the ecology of kelp forests and the dynamics of 
dissolved organic carbon movement. Such information would better inform managers with the 
broader concepts of how energy derived from macroalgae moves throughs systems allowing 









(1.6) Thesis Outcomes 
 
Chapter 2. Heterotrophic Bacterial Biomass Production of Macroalgal Biofilms 
 
Aim: Quantify bacterial biomass production of macroalgae species using 
representatives from the three major macroalgal groups: ochrophyta (phaeophyceae), 
chlorophyta and rhodophyta. Moreover, we assess the impact site specific physical factors have 
on macroalgal biofilm production in order to gain insight into how energy flows through coastal 
systems.   
 
Chapter 3. The Carbon Contribution of Heterotrophic Biofilms from Key Macroalgal 
Species in southern South Island and Stewart Island, New Zealand 
 
Aim: Evaluate macroalgal biomass across the intertidal/subtidal interface of southern 
New Zealand temperate reef systems and quantify heterotrophic bacterial biomass production 
in relation to this. Specifically, how do the factors of species abundance and diversity effect 
biofilm carbon contribution to the marine system and the pathways carbon takes in coastal food 
web.      
 
Chapter 4. Bacterial Biofilms Elucidate Factors of Ecology and Physiology of the Kelp 
Macrocystis pyrifera 
 
Aim: Investigate the functional diversity of bacterial biofilm communities on the 
surfaces of the kelp M. pyriferia in relation to bacterial biofilm productivity and tissue age. 
More specifically, how does bacterial functional diversity relate to M. pyriferia biofilm 
productivity and how does the bacterial community change during the natural successional 
process of blade tissue aging and growth. Can factors relating to host physiology be uncovered 







Chapter 2. Heterotrophic Bacterial Productivity of Macroalgal Biofilms 
 
(2.1) Introduction  
 
Dissolved organic matter (DOM) is supplied to marine systems through photosynthetic 
production and cellular exudation by algae, profligate feeding by grazers, and particle 
decomposition (Azam et al., 1983; Kirchman, 1990). Heterotrophic bacteria are the primary 
consumers of DOM and understanding the extent to which they remineralise and assimilate 
DOM is crucial in order to fully understand the movement of carbon within a given marine 
system (Azam et al., 1983; Kirchman, 1990; Cherrier et al., 1996). Bacteria within the marine 
environment represent a significant proportion of the oceans’ total biomass (~70%, Bar-On, et 
al., 2018) and when active, their high overall metabolic rates dominate the uptake of DOM, 
fluxes in energy, and the movement of biologically important elements in the ocean (Pomeroy 
et al., 2007).  
 
Traditionally such functions of the microbial food web have been viewed as primarily 
a process of remineralization, supplying nitrogen and phosphorus for use by phytoplankton 
(Pomeroy et al., 2007). While there is little doubt this represents one of marine heterotrophic 
bacteria’s most important functions, their role in detrital food chains is even more significant 
(Mazure & Field, 1980). By converting the DOM into biomass (particulate organic matter) and 
by colonizing organic surfaces bacteria constitute a prominent food source for many 
microflagellates, protists and other bacteriovores that directly feed upon their abundance 
(Pomeroy et al., 2007). An important ecosystem level function of such predation is the 
channelling of microbial production from the food web base to higher trophic levels (Sherr & 
Sherr, 2002). Such an energy source is likely not insignificant in macroalgal dominated habitats.  
 
Macroalgae are particularly susceptible to epibiosis, as epibiotic bacteria are fast and 
highly adaptive colonisers, resulting in strong competition for space on the thalli of macroalgae 
(Potin et al., 2002; Lachnit et al., 2009). Furthermore, macroalgae continuously exude 
significant amounts of organic matter into the surrounding medium, providing nutrients for 
microbial development (Khailov & Burlakova, 1969; Kong & Chan, 1979; Armstrong et al., 
2001). Released DOM is a strong inducer of a chemotactic response by marine bacteria which 
likely encourages the colonization of associated algal surfaces (Stocker & Seymour 2012; 




and a counterpart to the well-established ‘rhizosphere’ found within terrestrial ecosystems 
(Rovira, 1965). The extent of this area of high bacterial activity is likely to be dependent on 
water turbulence close to the thallus surface and the boundary layers that surround macroalgae 
and their canopy (Hurd, 2000).  
 
Marine microbial communities surrounding macroalgae represent complex and highly 
dynamic systems (Holmström, 2002). Interestingly, the bacterial species associated with 
macroalgae differ in both number and composition of species from that occurring within 
surrounding seawater (Kong & Chan, 1979). Kong & Chan (1979) concluded that specific 
bacterial taxa could be found to associate with different groups (Phylum level) of marine 
macroalgae, even when individuals reside within the same habitat. Moreover, while some 
macroalgae are heavily colonized and biofouled, other algal species in the same habitat remain 
almost completely free of epibiota (Goecke et al., 2010). This discrepancy in bacterial 
abundance and diversity indicates the presence of variation in the surface conditions between 
macroalgal species (Bhadury & Wright, 2004) and suggests that certain species of macroalgae 
potentially exert different influences over detrital pathways.  
 
Macroalgae are major primary producers, in some coastal areas upwards of 90% of the 
total carbon input of the associated food webs originates from macroalgae (Duggins et al., 
1989; Borum & Sand-Jensen, 1996). Many species are considered ecosystem engineers in that 
their physical structure produces complex three-dimensional habitats (Jones et al., 1994; 
Wernberg et al., 2011). Such habitat is often cited as key in supporting an array of organisms 
through a range of life history stages (Dayton, 1985). Despite the ecological importance of 
macroalgae, their interaction with marine microbes is, for the most part, poorly studied. Detrital 
pathways are the primary pathway for the delivery of energy from macroalgal production into 
coastal food webs (Khailov & Burlakova, 1969; Mann 1998). Much of this is through 
particulate organic matter and the processes that re-utilise dissolved organic matter by 
heterotrophic bacteria via the microbial loop. Naturally questions arise as to the importance of 
this relationship and the quantity of energy made available for coastal systems through 
processes derived from bacterial activity. 
 
The use of radiolabeled [3H] leucine has become a prominent tool for measuring 
bacterial productivity in studies of microbial ecology (Pérez et al., 2010). Leucine is an 




it into their protein structure rather than metabolize it and resynthesize it ‘de novo’ (Gasol, 
1999). Thus, one can calculate bacterial biomass production based on the estimated rate of 
leucine incorporation. For the most part, past studies have utilised this method to measure 
bacterial production rates in  seawater (Andersson et al., 1985; Kirchman & Hoch, 1988; 
Pomeroy et al., 1994;  Heinänen et al., 1995), but through the modification of procedures it has 
effectively been demonstrated as a tool for investigating biofilm communities (Thomaz & 
Wetzel, 1995; Coelho-Souza, 2013), including those residing on the surface of macroalgae 
(Thomaz & Wetzel, 1995). Whilst investigations have quantified bacterial production in 
macroalgal biofilms in the past, few have explored relationships outside of individual groups 
or species (i.e. compared bacterial production on different taxa). Furthermore, whilst changes 
in bacterial production on macroalgae have been measured in the temporal scale (Bengtsson et 
al., 2012), knowledge on how bacterial production on macroalgae varies geographically is 
lacking.  
 
Three species from each algal division were selected for investigation; the kelp 
Macrocystis pyrifera (“Giant kelp” Phaeophyta), the bladed Ulva sp. (“Sea lettuce” 
Chlorophyta), and the articulate coralline, Arthrocardia corymbosa, (Rhodophyta). These 
species serve as the foundation for diverse and energy-rich habitats (Ansell et al., 1998; 
Graham et al., 2007; McCoy & Kamenos, 2015). M. pyrifera is an ecosystem engineer forming 
the basis of globally important kelp forest ecosystems (Dayton 1985; Graham, et al., 2007; 
Duarte et al., 2017; Teagle et al., 2017). Ulva sp. is an opportunistic species, often forming 
extensive blooms (Lavery et al., 1991; Liu et al., 2013) and is often considered a sign of 
eutrophication and a degraded environment (Lavery et al., 1991; Ansell et al., 1998; Liu et al., 
2013). A. corymbosa is a coralline alga and a dominant component of New Zealand’s reefs. 
Considered a foundation species (Nelson, 2009; Hepburn et al., 2011), A. corymbosa acts as a 
facilitator for other organisms, particularly invertebrates and other macroalgae (McCoy & 
Kamenos, 2015).  
 
The aim of the study was to provide the first insight into the bacterial heterotrophic 
production of macroalgal biofilms on key species in coastal kelp forest habitat and to assess 
how this production may vary between sites offering different environmental qualities. 
Establishing how energy flows through coastal ecosystems as well as rates of production is of 
greater benefit than evaluating the taxonomic composition of bacterial communities absent of 




recognition for the greater ecological implications that can be drawn from information on the 
quantity of carbon produced and consumed within a given system. This is of importance when 
the role of functional redundancy in microbial communities is considered (Morris et al., 2012). 
Heterotrophic bacterial activity was predicted to be strongly influenced by differences in the 
surface   characteristics (mucilage production, texture, surface area) of each macroalgal species 
and that any differences between species would be consistent between sites as abiotic factors 
would affect individuals equally.  
 
(2.2) Methods  
 
(2.2.1) Description of the Sampling Procedure and Sites  
 
Collection of macroalgal specimens occurred during August 2016 from two sites on the 
east coast of New Zealand’s South Island (Fig. 1). Two sites were selected to be representative 
of the areas typical macroalgal habitat and which also offered suitable amounts of algal biomass 
for effective sampling. The first site (Fringing kelp bed) (45°46'19.2"S, 170°43'07.3"E) was a 
kelp bed on a modified breakwater and is characterized as having a high water flow/current 
rate and consisted of a ‘fringing reef’ extending 10-20 m offshore. The second site (Kelp forest) 
(45°41'55.5"S 170°36'37.0"E) was extensive reef structure containing kelp forest that extended 
more than 50 metres from the shore and experiences moderate wave action(Desmond et al., 
2015). Based on recent past studies of the area, the sites sampled were deemed not to vary to 
any significant degree with regards to nutrients, light availably/PAR, temperature and substrate 


































Figure 2.1: Map of the Otago coastline, New Zealand. Sampled specimens were  retrieved 
from the ‘fringing kelp bed’ and a site of north along the coast ‘kelp forest’. ~12 kilometres 




















3 individuals of the macroalgal species M. pyrifera, Ulva sp. (bladed morphology), A. 
corymbosa were obtained between the mean low water tidemark and depths no greater than 2 
metres from each of the sample sites. Any visible epiphytes were removed and samples stored 
within individual zip-lock bags containing the associated sample sites seawater (~10°C). All 
sample material was stored in refrigerated conditions in the dark for a of period of time less 
than four hours in length before experimentation was conducted.   
 
(2.2.2) Heterotrophic Bacterial Production Measurements   
 
To account for any heterogeneity in the biofilm density and diversity within 
each individual the same region of the macroalgae thalli were sampled. 6mm in diameter 
circles were cut from each individual specimen using a sterilized metallic hole punch and 
needlepoint tweezers. Sampling macroalgae tissue in this manner standardized the surface area 
across all samples. The surfaces of the discs sampled for each species were flat, with no 
discernible difference in surface roughness. The cutting tools used were rinsed thoroughly 
between each cutting via firstly rinsing in 70% ethanol, before being saturated in a beaker of 
deionized Milli-Q water. The three cuttings from each sample specimen were individually 
inserted into separate 1.7ml Eppendorf tubes and henceforth will be referred to as a samples 
technical replicate. The technical replicates of each sample specimen were associated with a 
designated blank (control) Eppendorf tube which also contained 1 cutting. Prior to bacterial 
production estimates being made all technical replicate and control Eppendorf tubes  were 
dispensed with 1.2 ml of seawater filtered through 0.22μm Millipore filter using a sterile 
syringe to remove seawater bacteria to provide a culture medium.  
 
Bacterial production was measured as the incorporation of [3H]-labelled 
leucine  (Perkin–Elmer, specific activity = 169 Ci mmol-1) in bacterial cells attached to 
the macroalgal surface (Gasol, 1999). 120μl trichloroacetic acid (TCA) 50% concentration was 
dispensed to ‘kill off’ the controls. 48μl (40nM of 1μM solution) radiolabelled leucine was 
dispensed into the technical replicates. The technical replicates and controls were incubated for 
90 minutes in the dark at 10°C. This temperature is reflective of ocean temperature at the time 
of sample collection. Post incubation, 120μl of TCA 50% was dispensed to terminate growth 
in the technical replicates before the samples were subjected to an ultrasonic bath along with 
the controls for a period of 2 minutes. Technical replicates and controls were then incubated 




minutes. Aspiration of the Eppendorf’s fluid was used to drain the technical replicates and 
controls of liquid, leaving the precipitated protein. A final solution of 5% TCA was dispensed 
into the technical replicates and controls, with the centrifugation and aspiration processes then 
being repeated. The technical replicates and controls were then immersed in 1ml of liquid 
scintillation cocktail in preparation for radioactivity measurement.  
 
Bacterial biofilm uptake of [3H]-leucine was radioassayed and measured as 
decompositions per minute (DPM) in a Tri-Carb® Liquid Scintillation Counters scintillation 
counter (Perkin-Elmer) with quenching correction using Ultima Gold AB (Perkin-Elmer). The 
technical replicates and controls were allowed to sit for a period of several days as a means to 
maximize the dispersion of radioactivity into the scintillation cocktail before a count was 
performed. Quenching was corrected by the external standard ratio method before the technical 
replicates and their associated controls were put to count. A conversion factor (DPM per μl 
leucine solution) was used to convert the reported DPM to mols of leucine.  
 




Factor 4.5 10-13: number of curies (ionizing radiation) per DPM (a constant). 
 
SA: specific activity of the leucine solution in curies per mmol.  
 
T: incubation time in hours.  
 
V: incubation volume in litres. 
 
 
Leucine uptake values were used to calculate heterotrophic activity, and adjusted to per 
metre squared of macroalgal surface area from the derived litres per hour. Calculating bacterial 
production in terms of carbon flux was achieved through the equation;  
 









%Leu: the proportion of leucine in total protein (assumed 0.073) (Simon & Azam, 1989).  
 
C:Protein: the ratio of cellular carbon to protein (assumed 0.86) (Simon & Azam, 1989).  
 
ID: isotope dilution (assumed no isotope dilution).  
 
 
(2.2.3) Statistical Analysis  
 
Statistical analyses were carried out using the software JMP Pro 10 (Version 10.0.0) and 
SigmaStat (Version 2.03). Two aspects of bacterial production were evaluated: production rates 
between the species M. pyrifera, Ulva sp., A. corymbosa ,  and the overall production of the 
two sample sites. A 2-way analysis of variance (ANOVA) tested BBP against the factors of site 
and species and Post-hoc Tukey test were used to assess differences between groups. For all 
tests, a level of 0.05 was considered significant. Residual diagnostics were run to test for 
normality, homogeneity of variance and independence.  
 
(2.3) Results  
 
The presence of heterotrophic bacterial biomass production (BBP) on the surfaces of 
the macroalgal species sampled was confirmed by [3H]-radiolabelled leucine uptake. A 
significant difference was observed among all three species sampled (Table 1). Mean BBP was 
approximately two times higher on the surface of M. pyrifera when compared to Ulva sp. and 
Arthrocardia corymbosa (Fig. 2). BBP rates were significantly lower on Ulva sp. when 
compared to M. pyrifera and Arthrocardia corymbosa. Furthermore, BBP for all three species 
was found to vary significantly within the same species dependant on site (Table 1), with 
specimens sampled from the kelp forest site exhibiting rates on average 41% higher compared 
to their counterparts from the fringing kelp bed site. This pattern is reflected in estimates of 
carbon flux where carbon flux was 2.9 and 3.9 times higher in M. pyrifera than A. corymbosa 
and Ulva sp, respectively (Fig. 2). Mean BPP based on leucine uptake for the three species 
given at the kelp forest site was 364.85 pmol m-2 h-1 (SE= 129.3), compared to only 149.6 pmol 
m-2 h-1 (SE= 27.9) for the fringing kelp bed. Maximal highest rates of BBP (615.7 mmol Leu 
m-2 h-1) (equal to a carbon flux of 20.7 μgC/m2/day-1) were observed for M. pyrifera sampled 





Figure 2.2: Bacterial biomass production (BBP) (µgC m2-1 d-1)or carbon flux estimated based 
on tritiated leucine incorporation rates associated with the biofilms of macroalgal species 
sampled from kelp forest (A) and fringing kelp bed (B). Means ±1 SE for n=3. α = 0.05. 
 
 
Table 2.1: Results of 2-way ANOVA tests comparing heterotrophic bacterial activity measured 
in the biofilms of sampled macroalgal species from the fringing kelp bed and kelp forest (site 
and species). DF= degrees of freedom. 
 
Source  DF Sum of Squares  F Ratio  Prob>F 
Site 1 208494.31 21.0402 0.0006* 
Species  2 221513.85 11.1177 0.0018* 







































 (2.4) Discussion  
 
 Macroalgal surfaces have long been known to provide an organic 
rich microenvironment for enhanced heterotrophic bacterial growth (Khailov & Burlakova, 
1969; Armstrong et al., 2001; Goecke et al., 2010). The incorporation of  [3H]-radiolabelled 
leucine confirms that bacterial biomass production and biofilm formation occurs on the 
surfaces of the macroalgal species M. pyrifera, Ulva sp. and A. corymbosa. This finding is 
supported by BBP values of the same magnitude reported by Coelho-Souza et al., (2013). 
Whilst investigations into biofilm productivity have been conducted in the past, perhaps most 
notably that of the kelp Laminaria hyperborea (Bengtsson et al., 2010, 2012), and the brown 
seaweed Sargassum spp. (Coelho-Souza et al., 2013), this is the first time a comparison 
among  taxonomic groups has been made using ecologically significant representatives 
from the three major algal divisions. The most interesting of these findings is the conservation 
of the bacterial biomass production trend within species between the two  different study sites. 
The surface biofilm of M. pyrifera is shown to be  significantly more productive than that of 
both of Ulva sp., and A. corymbosa at both  the kelp forest and fringing kelp bed sites. This 
trend is likely explained by  characteristics of the species sampled. M. pyrifera is particularly 
productive  (Jackson, 1977; Reed & Rassweiler, 2008), providing a habitat abundant in 
potential  carbon sources for heterotrophic bacterial consumption. As the macroalgae 
fixes carbon through photosynthesis, some is exuded from its surface as dissolved 
organic carbon and made available for bacterial uptake (Abdullah & Fredriksen, 2004). 
Furthermore, M. pyrifera excretes mucilage onto its structural surfaces via specialized ducts 
(Sykes, 1908; Schiel & Foster, 2015), the mucilage produced is, in part, comprised of the 
sulphated polysaccharide fucoidan, and represents another major source of carbon made 
available for bacterial assimilation (Evans et al., 1973). Whereby the surface of M.pyriferia 
promotes bacterial production, numerous studies investigating Ulva sp. have noted production 
of antimicrobial metabolites to lessen epibiosis in this genus (Goeke et al., 2010). These 
authors hypothesized that such metabolites are a response to Ulva sp. lack of cell-based 
immune responses, and as such relies upon these metabolites to protect its structure from a 
broad array of potentially deleterious microorganisms. Such a conclusion would be supported 
by the relatively low BBP measurements made for the species in this study. Whilst it appears 
few other studies have explicitly examined A. corymbosa surface in relation to bacterial 
productivity, its calcareous structure (Kuffner et al., 2008), low primary productivity (Marsh, 




surface not exceptionally conducive for microbial growth. It is proposed that the contrasting 
properties of the three macroalgal species sampled is the primary factor defining rates of 
bacterial biomass production and explains the consistent trend among the three groups between 
the two sites.  
 
All though no significant difference in site characteristics was observed in past work 
(Desmond et al., 2015), differences in the bacterial production rates between the two sample 
sites suggests that, to some degree, environmental factors such as light, salinity, substratum, 
nutrients, water motion, and pollution may directly or indirectly alter biofilm production 
(Khailov & Burlakova, 1969; Leigh et al., 1987; Hurd, 2000). Localised fine-scale 
hydrodynamics likely exert the strongest control over biofilm production. Stephens and 
Hepburn (2014) demonstrates that hydrodynamic forces can vary significantly over relatively 
short distances, meaning reduced flow rates within denser beds retain greater proportions of 
DOC allowing for the formation of larger more productive biofilms. These given factors may 
influence gross productivity either by limiting exudation rates of DOM by macroalgae or by 
limiting and reducing the efficiency of the bacterial biofilm. Samples taken from the fringing 
kelp bed were within a floating canopy that extended less the 10 metres from the shore at a 
site subjected to strong tidal flow and waves. Samples from the kelp forest were taken from a 
location approximately 50 metres into an extensive kelp forest canopy from within a 
moderately wave sheltered area with limited tidal flow. The effect these  differences have on 
DOM concentrations is unknown but it is possible that the kelp forest sites large kelp forest 
has the potential to produce and retain more DOM compared to the fringing kelp bed. Until 
now, no past study has made specific comparisons of biofilm BBP at different sites. 
Measurements made in this study imply that overall productivity may correlate with site-
specific abiotic conditions whereby BBP is either directly or indirectly influenced by such 
factors. It is well known that macroalgal primary production is driven by site-specific 
conditions, particularly that of light availability (Khailov & Burlakova, 1969; Desmond et al., 
2015) and water motion (Wheeler, 1980; Wheeler, 1998; Hepburn et al., 2008; Stephens & 
Hepburn, 2014) and in turn drives the amount of DOM available. Water motion also likely 
exerts control on the biofilm itself with low water motion allowing larger films to form and 
influences how long DOM is made available for consumption via the associated biofilm 
(Wheeler, 1980; Hurd, 2000). Knowledge of how these carbon sources are utilized by 
heterotrophic bacteria is essential for understanding the flux of carbon in macroalgal dominated 




changes through time remains largely unstudied. The few studies that have investigated 
temporal patterns generally concede that production dynamics fluctuate seasonally, and likely 
correspond to abiotic factors such as seawater temperature or the development of new tissue 
substrate that promotes colonization (Bengtsson et al., 2010). The spring and early summer in 
particular is a period of high water temperatures, high photosynthetic activity, and also high 
exudation rates of carbohydrates. As such, spring and early summer is cited as a particularly 
productive period, especially among kelp species (e.g. Lüning & Dring, 1979; Van 
Tussenbroek 1989; Abdullah & Fredriksen, 2004; Bengtsson et al., 2010). As such, the BBP 
rate measurements conducted during this study likely represent biofilm productivity at its lower 
threshold as a result of winter seasonal conditions (Fig. 2).  
 
(2.5) Conclusion  
 
Rocky shores in particular are highly productive components of coastal ecosystems but the 
pathways of energy flow vary significantly depending on community structure (Raffaelli & 
Hawkins, 2012). As the reported results show, biofilm BBP can significantly vary between 
algal divisions and carbon made available to associated foods via heterotrophic bacterial 
processes may fluctuate as a result of changes in macroalgal coverage and composition. 
Whether it be M. pyrifera deforestation (Foster & Schiel, 1988), Ulva sp. blooms (Lavery et 
al., 1991; Ménesguen & Piriou, 1995; Liu et al., 2013), or loss of coralline’s due to changing 
ocean chemistry (Kuffner et al., 2008; James et al., 2014; Nelson, 2009), the impact such 
factors may have on food web energy flux and flow is not well understood. Furthermore, 
variation in BBP values of the same species from different sites indicates abiotic factors as 
being important in determining an individual macroalgae’s biofilm productivity. As such, 
biofilm BBP measurements should not be extrapolated to sites differing in physical 
characteristics. Future work would benefit from advancing our understanding of why/how 
differences in site characteristics effect changes in biofilm BBP. Methods highlighted in this 
study will provide a useful contribution to a growing understanding of how energy flows 




Chapter 3. Carbon Flow of Heterotrophic Biofilms from Key Macroalgal Species in 





Primary production as an isolated metric does not provide a complete level of 
understanding for the assessment of the importance macroalgae play within the ecological 
function of marine ecosystems. A detailed examination of the fate of this production is also 
required in order to establish the role it has within a given system. Marine macroalgae 
photosynthetically fix large quantities of carbon into organic compounds (Duggins et al., 1989; 
Mann, 1973). Traditionally, most of this primary production has been assumed to supply coastal 
marine systems through the means of direct grazing or as particulate detritus sometime after 
synthesis (Odum & de la Cruz, 1967). However, a large proportion of macroalgae primary 
production enters the water column in the form of dissolved organic carbon (DOC) (Abdullah 
& Fredriksen, 2004; Wada et al., 2007; Reed et al., 2015) through cellular exudation and lysis. 
In general, released DOC has been estimated to account for ~25% of macroalgae net primary 
production (NPP), although large differences in DOC production are reported among previous 
studies. In some instances, macroalgae derived DOC released as a proportion of total 
photosynthetic production has been measured to be as low as <1-6% (Brylinsky, 1977; 
Fankboner & de Burgh, 1977; Pregnall, 1983). Conversely, values ranging from 23-62% of 
NPP have also been asserted for a range of species (Khailov & Burlakova, 1969; Sieburth, 
1969; Hatcher et al., 1977; Abdullah & Fredriksen, 2004). Variation in these estimations is 
likely indicative of several limiting experimental factors. Primarily, macroalgae display 
significant variations in seasonal productivity (Mann, 1973; Hatcher et al., 1977; Yokohama et 
al., 1987; Abdullah & Fredriksen, 2004) and as such without long-term measurements made, 
DOC production will likely be over or under estimated relative to the time of experimentation. 
Furthermore, no one standardized methodology is used to assess DOC release rates likely 
exacerbating reported variation. Such uncertainty means it is difficult to ascertain precisely 
how important macroalgae derived DOC is to the ecology of coastal ecosystems and highlights 
the need to better quantify the consumption of DOC on the consumer end in order to better 





Secondary production through the consumption of DOC by heterotrophic bacteria is 
acknowledged to play a crucial role in marine ecosystem function (Azam et al., 1983). Through 
the full or partial assimilation of DOC into microbial biomass, heterotrophic bacteria fix carbon 
not normally available for assimilation, making it accessible to higher order consumers. This 
process is recognized as the microbial loop and is a key feature of contemporary marine food 
web models. Within temperate ecosystems the trophic linkages provided by the microbial loop 
are highlighted as being of particular importance. Several studies have addressed this topic 
(Newell & Field, 1983; Pomeroy et al., 2007). Their findings emphasize the important role 
heterotrophic bacteria play as secondary producers in utilizing carbon products derived from 
macroalgae primary production. However, the majority of studies have focused on the role 
bacteria found within the water column play in ecosystem function. Given the propensity for 
heterotrophic bacteria to form dense biofilms high in metabolic activity (Costerton et al., 1995), 
it would be natural to implicate biofilms found on the surfaces of macroalgae as particularly 
important food web linkages. Furthermore, it is not known what proportion of macroalgae 
derived DOC is consumed immediately at this interface. The high diversity of macroalgae and 
the significant variability in their DOC release rates further compounds the difficulties 
associated with evaluating their importance. Regrettably, almost no work has investigated 
biofilms as potentially important production links, leaving our understanding of coastal food 




Secondary production of heterotrophic bacterial biofilms utilizing dissolved organic 
carbon derived from macroalgae primary production is believed to represent an important 
marine trophic linkage. In this study, bacterial biomass production (BBP) was measured for a 
range of biofilms associated with macroalgae species found to typically inhabit southern New 
Zealand temperate reef systems. These measurements were then combined with macroalgae 
biomass surveys and used to establish the relative importance of the biofilms of different 








(3.3) Method  
 
(3.3.1) Site Description  
 
Macroalgae biomass was quantified at four sites in South Island and Stewart Island, 
New Zealand. The sites, Black & White Bay (BWB) [-46.6836, 167.8694], Chaslands (CL) [-
46.6265, 169.2682], Horseshoe Bay (HB) [-46.8746, 168.1358], Tikotatahi Bay (TB) [-
47.09551, 168.1964] were selected based on their representative nature of macroalgae typical 
to southern New Zealand rocky shores. One additional site, Port Adventure (PA) [-47.0602, 
168.1789], was also used for the sample collection of M. pyrifera biofilm but without biomass 
measurements. In particular, these sites represent complex three-dimensional rock and boulder 
habitat comprising of varying degrees of relief and exposure that is typical of temperate 
macroalgae dominated habitats. Each site was assessed at five depth strata, two intertidal and 
three subtidal. The selected subtidal depth strata have been found to represent distinct 
macroalgal communities typical across temperate New Zealand reef systems (Shears & 
Babcock, 2007). The selected intertidal depth strata represent defined patterns of vertical 
habitat zonation within rocky shores globally (Stephenson & Stephenson, 1972). The site-
specific depth strata surveyed in this study were based on biological indicators and Mean Low 
Water (MLW) mark, they include high intertidal (1-2 m above MLW), low intertidal (0-0.5 m 
above MLW), two metres (1-3 m below MLW), five metres (4-7 m below MLW) and ten metres 
(9-12 m below MLW) depths. 
 
(3.3.2) Field Collection and Survey 
 
Macroalgae biomass and collection sampling was conducted during a research cruise 
by the R.V. Polaris II during Autumn (March 2017). Weighted transects 20 m in length were 
run parallel to the shore within the midpoint of each depth strata. Clear patterns of algal 
zonation were identified and used as to best position intertidal transect lines. All subtidal 
sampling was conducted by a consistent team of trained divers using SCUBA. All intertidal 
sampling was conducted by a consistent team of researchers led by experienced algal 
taxonomists deployed to the shore by the research vessels tender. Randomly generated numbers 
were used to allocate six 0.25m2 quadrats along the length of the sample transect. All sub 
canopy fleshy macroalgae, including that of articulate coralline algae (ACA), was collected 




was then deposited into an associated fine mesh catch bag and brought back to the R.V. Polaris 
II’s wet lab. Durvillaea (Durvillaea antarctica and Durvillaea willana) and M. pyrifera canopy 
were excluded from the collection due to their large size and difficulty in collecting the thali. 
Juvenile, sub canopy individuals, of these species however were retained and sampled. All 
macroalgae collected was shaken dry and weighed to the nearest gram.   
 
 
Table 3.1 Table reporting the species of macroalgae, their position on the reef and the number 
collected for analysis.  
 
Species Position  Individuals Sampled 
Ulva sp. Intertidal Low 5 
Durvillaea antartica  Intertidal Low 5 
Xiphophora gladiata Intertidal Low 5 
Pachymenia laciniata Intertidal High  5 
Marginariella boryana Subtidal 2/3m 5 
Landsburgia quercifolia Subtidal 5/6m 5 
Eklonia radiata  Subtidal 10m 5 




















Two M. pyrifera thalli was collected from each of five kelp stands (>100 m2) in Port 
Adventure. One individual located on the edge and one located in the center of each stand was 
selected for sampling. Actively growing blades were collected from both the young growth and 




Figure 3.2: Macrocystis pyrifera diagram.  The various growth regions correspond to region 
and tissue age of the individual algae as well as the individual blade.  
 
 
(3.3.3) Heterotrophic Carbon Production Measurements  
 
Bacterial biomass production of macroalgae biofilm was measured on an ad hoc basis 
for 5 individuals of each species at each depth whenever possible. Species selection was 
determined by prevalence, quantity of biomass and suitability for necessary cuttings to be made 
(in particular, filamentous species are not suitable for accurate measurements). As with the 
previous chapter (Chapter 2) the modified 3H radiolabeled leucine methodology was used 
(Simon & Azam, 1983). A Tri-Carb® Liquid Scintillation Counters scintillation counter 











measure sample decompositions per minute (DPM). Mean DPM blank was subtracted from 
mean sample DPM to give total DPM. 6mm cuttings were made and weighed to the nearest 
thousandth gram for comparison to wet weight of macroalgae. M. pyrifera was once again 
sampled differently with individual blade samples divided into growth regions and sampled 
independently thereof (Fig. 2). Reported species mean biofilm BBP (m2) measurements were 
combined with tissue weights (g m2-1) and peak surveyed biomass (g 0.25m2) in order to 
extrapolate a given area of macroalgal beds biofilm production (carbon) within the sampled 
environment.   
 
(3.3.4) Data Analysis 
 
All statistical analyses were performed using the statistical software JMP® Pro 11 
(Version 11.0). Macroalgae biofilm BBP and biomass were analyzed using Student’s T-Test 
and ANOVA (p = 0.05) to establish trends and test for significance. Bacterial biomass 
production was measured as pmol(leucine) m2-1 h-1 and converted to µg(carbon) m2-1 day-1. 
Production values were averaged across the sampled depths to produce a given rate for each of 
the sample species. Carbon production per given area of macroalgae bed was calculated by 
combining bacterial biomass production and mean macroalgae wet weight values of 6mm disk 





Mean bacterial biomass production (carbon) for sampled biofilms of macroalgae from 
southern New Zealand temperate systems was measured to be 3.94 µgC m2-1 d-1 (Fig. 3). Of 
the species measured, Ulva sp. biofilm was significantly more productive (ANOVA, p < 0.05). 








Figure 3.3: Biofilm bacterial biomass production (carbon) for sample macroalgae species of 
southern New Zealand rocky reefs. (α = 0.05) (± 1 SE) (n=5 for all species except Xiphophora 




















































Mean bacterial heterotrophic biomass production for M. pyrifera blade biofilm did not 
significantly vary based on position relative to the overall kelp stand (A) or based on its position 







Figure 3.4: Biofilm bacterial biomass production (carbon) for sample M. pyrifera tissue 
samples across different kelp forest regions. Levels not connected by the same letter are 




































































Macrocystis pyrifera thallus possition along frond





Mean bacterial biomass production (carbon) for M. pyrifera blade biofilm was found 
to vary depending on tissue age. Biofilms associated with new growth at the base of the blade 
was measured to be almost three times less productive than those of the same sampled from 
the mature and senescent tissue regions (ANOVA, p < 0.05) (Fig. 5).   
 
 
Figure 3.5: Biofilm bacterial biomass production (carbon) for sample M. pyrifera tissue 
across different blade regions. Levels not connected by the same letter are significantly 











































Algal biomass varied significantly (ANOVA, p < 0.05) in accordance with depth, 
significantly lower within the high intertidal zone when compared to the low intertidal and 2 
m depth strata, which also represent significantly higher biomass than the 5 m and 10 m strata 





Figure 3.6: Mean algal biomass for five depth strata across the four southern New Zealand 
rocky reefs sampled. Levels not connected by the same letter are significantly different (α = 

































Table 3.1: Carbon (µC) produced by 1m2 of macroalgae beds biofilm based on peak 
measured biomass. Wet weight (g) of macroalgae tissue based on the mean weight of 6mm2 




(g) of 1m2 
Tissue 
Maximum Biomass 
(g-1 0.25 m2-1) 
Carbon (µg) 
Produced by 1m2 of 
Macroalgae Day-1 
Durvillaea antarcita* 1821.7 2800 17.9 
Ecklonia radiata 1101.7 2000 13.4 
Landsbergia quercifolia  2348.3 1800 7.3 
Marginariella boryana 1133.3 4150 19.5 
Pachymenia laciniata. 2415.0 360 1.4 
Ulva sp. 978.3 110 5.5 





(3.5.1) Bacterial Biomass Production Among Southern New Zealand Macroalgal Species  
 
Understanding the role macroalgae derived dissolved organic carbon (DOC) has in 
supporting bacterial biofilms and the level to which this production introduces fixed carbon 
into coastal food webs is highly limited by lack of multispecies investigations. The 
incorporation of [3H]-leucine by the epiphytic bacterial communities of the sampled 
macroalgae species confirms the presence of metabolically active microbes and the formation 
of bacterial biofilms for the sampled species. Biofilm bacterial biomass production (BBP) was 
found to be consistent among all species sampled with the exception of Ulva sp. and M.  
pyrifera that respectively, had rates four to six times higher than the other macroalgae species 
sampled. Numerous factors control biofilm development and composition which in turn effects 
BBP rates, ranging from the initial colonization by free floating bacteria, community growth 
and succession, underlying polymers and excretion rate thereof, as well as general ecological 




literature remains sparse in terms of published BBP values for macroalgae biofilms making 
comparisons difficult. As a result, the specific underlying mechanisms that control production 
rates observed here can only be speculated. These factors are discussed in greater detail in 
chapter 4 with specific considerations made for M. pyrifera biofilm formation and functional 
diversity.  It can be surmised that production differences are likely linked to life strategy, the 
production of secondary metabolites and the productivity of the host macroalgae species. 
Furthermore, site specific physical factors also likely to effect biofilm BBP to an unknown 
degree.  For example, prior measurements of Ulva sp. (chapter 2, Fig. 2) biofilm reported BBP 
rates significantly lower than those observed of Ulva sp. here. Numerous studies have reported 
Ulva sp. to having a strong propensity for the production of secondary metabolites that display 
antimicrobial, antiherbivory and antifouling properties (Nelson et al., 2003; Dobretsov et al., 
2006; Lane & Kubanek, 2008; Trigui et al., 2013). As such, it is expected that Ulva sp. is 
selective towards the composition of its associated biofilm. However, the concentration of 
these compounds is noted to degrade over time in other macroalgae groups (Duggins & Ekman, 
1997) and could therefore be linked to Ulva sp. growth/production cycle. Adding to this, Ulva 
sp. is often associated with eutrophication (Liu et al., 2010; Teichberg et al., 2010) and more 
likely in this case, summer algal blooms (Olyarnik & Stachowicz, 2012). The sampling period 
conducted in this study occurred during late March representing the end of the summer growth 
period. This suggests Ulva sp. had reached the end of its growth period and subsequently its 
antibacterial metabolites degraded. Furthermore, BBP production is likely affected by 
dissolved organic production as a consequence of cellular stress. Pregnall (1983) implicates 
the desiccation of Enteromorpha prolifera (Ulva prolifera) as destabilizing for cell wall 
structure resulting in the loss of fixed carbon through the release of secondary metabolites as 
well as larger carbohydrates and polypeptides. Such damage and release would result in large 
but brief pulses of DOC after reimmersion, acting to boost bacterial activity. Ulva sp. sampled 
from Stewart Island was collected from the intertidal zone and would be exposed to all the 
typical physical fluctuations associated with such habitat. Damage as a result of desiccation 
could have resulted in the increased BBP trend observed here. This would also be supported 
by Ulva sp. sampled subtidally (chapter 2) which was found to have low biofilm BBP. These 
results indicate populations of macroalgae that are repeatedly exposed to a variety of 
environmental stressors (i.e. intertidal), and that consist of fragile morphological structures, 
potentially support greater levels of heterotrophic microbes. Such an effect is unlikely to be 
seen in more resilient fucoids and laminarians, adding to the complexity of evaluating 





(3.5.2) Biofilm BBP within Macrocystis pyrifera Kelp Forest 
 
Mean BBP for biofilms sampled from actively growing M. pyrifera blades were found 
to not significantly vary in relation to the position of the individual based on its location within 
the kelp forest or on the blade’s location in terms of its position along the frond. As kelp 
photosynthetically fixes carbon a fraction of this production is released into the water column. 
DOC in turn concentrates in relation to the proximity of a kelp stands center (Pfister et al., 
2018). Such a finding is perhaps interesting within this context as it suggests that bacterial 
biofilms are not responding to water column DOC concentrations. Therefore, production is 
dictated by underlying macroalgal surface factors or other ecological processes and not the 
bacterial communities’ ability to access carbon through the water. While production appears to 
not vary significantly throughout the kelp forest itself, specific measurements made across the 
blade indicate a significant difference in biofilm BBP between new and mature/senescent tissue. 
The expansion of new blade tissue from its basal point results in a gradient of surface age 
through time. Heterotrophic succession on the blades surface is endogenous in nature as 
described by Fierer et al. (2010). This successional process is predictable in nature whereby 
initial colonization and dominance is conducted by generalist and opportunistic microbial 
species followed by an increase and eventual replacement by specialized and well aligned 
biofilm forming groups. This model of succession is consistent with the observations made 
here. In general, it can be assumed that fresh substrate will be less productive in terms of 
biofilm BBP than that of equivalent older substrate. This finding has system wide implications 
for the evaluation of biofilm carbon contribution as periods of seasonal growth could act to 
reduce overall system productivity.  
 
(3.5.3) Biofilm Carbon Production of the System 
 
Establishing the existence, function and magnitude of the microbial loop and microbial 
food webs in the ocean remains one of the great challenges of modern marine ecology. The 
field is inherently challenged by the methodological difficulties imposed in part by the 
exceptionally small size and dilute concentrations of microbes in complex solutions of 
contaminating organisms and dead particles (Kemp et al., 1993). To determine the significance 
of macroalgae biofilms within the marine food web measured in this study, it is necessary to 




of macroalgae bed based on measured wet weight values and peak measured biomass values, 
production can be conveyed in more practical terms, better reflecting the sampled environment. 
As such, the base rate of a species biofilm BBP is not important in terms of carbon contribution 
to the system. Rather the biomass and more specifically the surface area is. For example, Ulva 
sp. reported the highest level of biofilm BBP, but when related to the species actual presence 
within the system its likely contribution to the microbial food web through its heterotrophic 
bacterial biofilm is small (Table 1). Furthermore, while biofilm BBP was reported to be uniform 
among the other species sampled, significant variation can be observed in terms of the potential 
for carbon to enter the marine food web. With these factors considered, dense beds of 
Marginariella boryana likely contribute the most in terms of biofilm derived carbon. 
Realistically however, knowledge of biofilm BBP for multiple species, sites and seasons is 
required in order to estimate any given areas true contribution.  
 
From an ecological standpoint the production of bacterial biomass is secondary 
production.  It is therefore necessary to understand how large BBP is within the context of 
DOC uptake in order to establish the significance of a such a link. As it stands the 
overwhelming majority of published literature regarding marine microbial communities is 
concerned with pelagic waters rather than that of biofilms thus limiting our ability to reach 
conclusions regarding coastal ecosystem carbon flow. Furthermore, virtually no published 
literature exists reporting observed BBP values for macroalgae biofilms making comparisons 
between systems and conclusions thereof tenuous at best. While not directly relatable, it is 
perhaps useful to examine the carbon production of heterotopic bacteria in other marine 
systems. Heterotrophic bacterial production in terms of µC l-1 d-1 (note: water samples are 
reported as volume not area) has been reported for the waters of the Southern California Blight 
[low: 0.2, high: 4.8] (Simon & Azam, 1983), Subarctic Pacific [low: 0.38, high: 2.5] (Kirchman, 
1982), North East Atlantic [low: 0.5, high: 0.5] (Turley & Mackie, 1994), Aarhus Bay [low: 
0.84, high: 23.3] (Daneri, et al., 1994), Baltic Sea [low: 0.5, high: 9] (Andersson et al., 1994) 
and Gulf of Finland [low: 3, high: 5] (Heinänen et al., 1995). BBP measurements made in these 
studies fall within the same order of magnitude of those measured here, with the majority of 
macroalgae biofilms measured at the high end of reported values. The assertion then is that 
macroalgae biofilm carbon contribution to the marine system is potentially significant and 
actually quite large. Such a carbon source is rarely if ever accounted for in contemporary carbon 




the importance of macroalgae biofilms in contributing to the overall marine food web. The 
question also arises of what proportion of DOC is consumed directly at the macroalgae 
interface by the biofilm and what fraction of DOC is released to support potentially significant 
water column production.  
 
(3.6) Conclusions and Future Research Considerations  
 
This study provides a detailed examination of southern New Zealand’s rocky reef and 
kelp forest macroalgae assemblages and combines this data with carbon production derived 
from the associated bacterial biofilms. Radiolabeled [3H]-leucine experiments indicate a 
relatively uniform biofilm production trend across the inter/subtidal species sampled. In 
contrast with previous measurements, Ulva sp. produced significantly greater BBP rates, likely 
subsequent to the species growth cycle and increased DOC release as a consequence of 
desiccation damaging its cell walls. M. pyrifera was also found to produce high levels of BBP 
supporting measurements made in the accompanying chapters. The uniformity in biofilm BBP 
throughout the varying growth and location regions within M. pyrifera kelp forest indicates 
biofilm production is not significantly influenced by water column DOC. This implies the 
release of photosynthetically fixed carbon from underlying tissue is the main driver of mean 
biofilm BBP. While not directly evident, it is speculated that production is linked to species life 
strategies with the underlying macroalgae tissue and chemical composition the determining 
factor for overall production rates. However, these rates do not reflect actual carbon 
contribution to the system as biomass and in turn surface area are the greatest contributing 
factor for a given areas potential production. As such BBP alone should not be used as a sole 
metric for a biofilms carbon contribution to a system, rather it should be considered in the 
context of species abundance/ biomass as well as general surface area. The information derived 
from studies examining the ecosystem services provided by macroalgae is required to advance 
our understanding of coastal ecosystem function. Such information is vital in providing the 
ability to predict how marine communities are structured and how energy moves through the 
food web. 
 
Our knowledge of how energy moves through marine systems is inadequate for 
successful management applications. The work conducted by this study should be viewed as a 
starting point, rather than that of building on past works. Future research should focus on 




marine food webs. Such information will enable more accurate estimates of the ecosystem 
services provided by macroalgae and how biomass supported by them benefits groups both 
socially and economically. Future work will require careful consideration for sampling 
strategies used as well as robust methods for determining key biological rates in order to 
produce accurate models and predictions. Of particular importance is the need to address 
factors relating to seasonality, water exposure/motion (maintenance of the biofilm), DOC 
release rates and the chemical composition of DOC in relation to its uptake by bacteria. Future 
works should also consider the need for system wide evaluations of biofilms from a large 
number of species through time in order to fully recognize the dynamic nature they have in 






















Chapter 4. Bacterial Biofilms Elucidate Factors of Ecology and Physiology of the Kelp 
Macrocystis pyrifera  
 
 
(4.1) Introduction  
 
Kelps (large brown algae of the order Laminariales) form the basis of extensive 
underwater ecosystems known as kelp forests. Kelp forest habitat dominates rocky coasts both 
in temperate seas and in upwelling zones in the tropics (Graham, 2007). Kelps represent a 
significant source of primary production in these regions (Mann, 2009) and their large physical 
structure produces intricate 3-dimensional habitats that constitute biodiversity hotspots for 
coastal systems all over the globe (Graham, 2004). Small-scale variations in substrate 
composition, light availability and wave energy attribute to the high levels of kelp diversity. In 
such biodiverse systems the energy flow between trophic levels is important as it acts to shape 
the structure and function of both the producer and consumer assemblage (Duffy, 2002; Worm 
& Duffy, 2003). The factors that drive this diversity, the role it has in shaping macroscopic 
assemblages, and the effect biodiversity has in driving ecosystem function have traditionally 
been a major focus within the field of marine ecology (Reviewed in Steneck et al., 2002). 
However, although the kelp-macrofauna relationship has been relatively well studied, 
considerably less work has been applied to the biodiversity and function of microorganisms 
that are associated with kelp. As such, a significant knowledge gap exists in regard to the role 
microorganisms have in shaping kelp forest habitat as well as the factors that govern host 
epibiont interactions. 
 
Kelp, and to a greater extent macroalgae as a whole, are known to release a significant 
portion of their photosynthetic products as dissolved organic carbon (DOC) and other dissolved 
compounds  (Khailov & Burlakova, 1969; Sieburth, 1969; Hatcher et al., 1977; Abdullah & 
Fredriksen, 2004). Through the uptake of kelp derived DOC, secondary production by 
heterotrophic bacteria acts to link primary production not normally available for consumption 
with higher order trophic levels (Newell & Field, 1983; Norderhaug et al., 2003). Such a 
process drives the microbial loop (Azam et al., 1983, 1998), and acts to shape marine 
macrofaunal assemblages. DOC continually exudates from the surface of living kelp tissue 
(Abdullah & Fredriksen, 2004) stimulating heterotrophic bacterial production. As bacterial 




interactions occur resulting in the formation of microbial biofilms.  However, although the 
significance of secondary bacterial heterotrophic production is recognized, few studies have 
attempted to understand the dynamics of kelp bacterial biofilms. Bengtsson et al. (2012) is the 
only study to have directly measured kelp biofilm diversity through the pyrosequencing (454-
sequencing) of amplicons of the 16s rRNA bacteria genes from the kelp Laminaria hyperborea 
in relation to surface secondary production. Their results demonstrate kelp biofilms are 
influenced by a number of key ecological factors (most importantly succession) and illustrates 
biofilm productivity to vary as a result of underlying kelp tissue age and degradation. While 
genetic approaches such as this certainly extend the knowledge on biofilm assemblages and 
dynamics, the vast abundance and highly diverse nature of marine microorganisms makes 
relating detected groups to their ecological function tenuous at best. As a result, the factors that 
control the bacterial abundance, production, diversity and function of biofilms, and how these 
factors in turn shape coastal marine communities, remain poorly understood.  
 
(4.1.1) How biofilms relate to kelp carbon products and in turn kelp physiology  
 
Macroalgae present a variety of growth forms where external surfaces release an 
abundance of carbon products (proteins, amino acids, lipids, carbohydrates, cofactors etc.) and 
secondary metabolites, thus providing a great diversity of micro-niches for bacteria to exploit. 
Investigating heterotrophic bacterial biofilms associated with kelp may not only result in a 
better understanding of aspects of coastal ecology but could better elucidate factors relating to 
kelp physiology. Macroalgae account for almost 3000 naturally derived chemical products, 
constituting ~20% of all known products reported from the marine realm (Amsler, 2008). Of 
this, more than 1,140 secondary metabolites are derived from the Phaeophyceae alone (Amsler, 
2008). In contrast to primary metabolites which are ubiquitous among all living organisms and 
are comprised of ~20 amino acids and polymers thereof (proteins, amino acids, lipids etc.) for 
which cell function is not possible without, secondary metabolites (primarily carbon based) 
represent non-critical (not necessarily required for cellular function) biological products. 
Typically, secondary metabolites are related to an organism’s interaction with its environment, 
with roles ranging from chemical defense from predators, herbivore deterrence, microbial 
resistance, and UV protection (Amsler, 2008; Sieburth & Conover, 1965). As such, secondary 
metabolites are often species specific, restricted to certain tissues and produced as a means of 




macroalgae chemical compounds affect other organisms such as bacteria has clarified their 
ecological function (Jormalainen & Honkanen, 2008). This is particularly pertinent to marine 
macrophytes which are continuously beset by the biological challenge of fouling and grazing 
prevention (Lotze et al., 2001; D’Antonio, 1985; Cebrian et al., 1999; Honkanen & 
Jormalainen, 2005) as well the environmental stressors of UV cell damage and desiccation. By 
relating the consumption, or lack of, carbon products and secondary metabolites by bacterial 
groups by the surface biofilm of kelp it may be possible to associate this with a specific 
biological function. Furthermore, by associating the consumption of secondary metabolites 
with known functions with bacteria found in kelp biofilms, inferences could be made about 
their presence and function to a specific kelp. As it stands almost one third of products reported 
for Phaeophyceae are described for a single genus, Dictyota (Amsler, 2008), however algae of 
the order Fucales and Laminariales found New Zealand have been found to contain a large 
range of secondary metabolites (particularly antiherbivory compounds) (Steinberg, 1989). It 
stands to reason that expanding research to species outside of this group could lead to 
considerable advances in kelp physiology and coastal ecology.  
 
(4.1.2) Study species Macrocystis pyrifera  
  
Past chapters (chapter 2, chapter 3) have illustrated the kelp M. pyrifera surface biofilm 
as highly productive in terms of heterotrophic bacterial production. M. pyrifera is the largest 
of the canopy forming kelps and displays a distinct bipolar; circum-Antarctic and northeast 
Pacific distribution. Within New Zealand, M. pyrifera distribution extends from southern and 
central coastal waters, with Castle Point and Cape Turnagain on the east cost of the North 
Island and Kapiti Island on the west coast typically representing its most northern extent (Hay, 
1990). Mainland New Zealand M. pyrifera distribution directly correlates with areas influenced 
by the Southland Current (Hay, 1990; Heath, 1972; 1975). Kelp forests, particularly that of M. 
pyrifera serve as invaluable resources for coastal ecosystem function. They provide key 
ecosystem services in terms of nursing grounds for fish (Gillanders et al., 2003), habitat for 
invertebrates (Coyer, 1984; Christie et al., 2003) as well acting as the basal point for coastal 
food webs (Graham, 2004). The vegetative fronds of M. pyrifera consist of a branch made up 
of a central stipe with attached floats (pneumatocysts) and blades (lamina). The floats and 
blades develop as the apical blade (scimitar blade) splits into numerous blades that 
subsequently develop basal and short pedicles arranged alternatively along the frond (Schiel & 




pyrifera is a perennial species with a pronounced seasonal growth pattern.  In the Otago region 
of New Zealand, growth (blade elongation) occurs throughout the year, but with a significant 
decline during the summer months followed by a peak growth rate during the autumn season 
(Brown et al., 1997; Hepburn & Hurd, 2005; Hepburn et al., 2007). M. pyrifera represents an 
ideal study species in terms of natural biofilm formation (Chapters 2, 3.). Firstly, its surface 
biofilm is known to be highly productive. Secondly, its rapid blade growth and the formation 
of new colonizable substrate enables the study of biofilms across a range of succession stages. 
This growth also allows for the study of kelp tissue through its aging process for which natural 
products produced can be assessed. Thirdly, M. pyrifera is an ecologically significant species 
in that it is a keystone species for many temperate coastal ecosystems. Understanding how it 
functions as well as its interactions with other organisms will improve the knowledge of the 
marine ecosystem as a whole.  
 
(4.1.3) Biolog as a Tool for Assessing Biofilms 
 
The Biolog Ecolog Microplate (Biolog) incubation method was first utilized as a tool 
in edaphology (soil science) to characterize the metabolic fingerprint of heterotrophic 
microorganisms (Garland & Mills, 1991). Heterotrophic microorganisms form communities of 
exceptionally high diversity, metabolizing a wide variety of carbon sources. Researchers found 
that after inoculating microbial communities in a microplate containing a variety of carbon 
substrates it was possible to define the community level physiological profile (CLPP) of the 
given sample. This technique has best been implemented for monitoring functional diversity 
in a comparative nature, with studies successfully applying it to monitoring temporal and 
spatial changes in bacterial and fungal communities (Garland 1997; Staddon et al., 1997), as 
well as changes caused by environmental factors, pollution and disturbance (e.g. Goberna et 
al., 2005). The utilization of Biolog EcoPlates is prominent throughout numerous microbial 
studies covering a range of disciplines including soil (Rutgers et al., 2016) and freshwater (Lear 
et al., 2014) ecology. They have also been successfully applied in marine studies such as marine 
heterotrophic bacterioplankton (e.g. Sala et al., 2008; Sala et al., 2010). However, Ecoplates 
have yet to be employed in works concerned with marine bacterial biofilms. Their use may 
provide new insights into kelp-bacterial interactions and could represent a useful tool for  future 






(4.1.4) Aim  
 
In this study, biofilms growing on the surfaces of the kelp M. pyrifera are characterized 
using the 3H-leucine incorporation method and Biolog Ecoplates. We aimed to reveal some of 
the fundamental factors that control the productivity and composition of bacterial communities 
by studying them in the context of underlying tissue age. More broadly, we consider the use of 
Ecoplates as tool for assessing biofilm functional diversity and attempt to relate carbon 
consumption profiles with carbon products produced by the kelp M. pyrifera. The intent of this 
work is to lay the foundation for increased understanding of the roles biofilms have in the 
marine system as a means to better illuminate both the ecology of kelp forests, dynamics of 




(4.2.1) Sampling of Macrocystis pyrifera 
 
The kelp M. pyrifera was collected by divers using SCUBA launched from the vessel 
R.V. Beryl Brewin at the site Butterfly Bay (-45.638, 170.671) on the Huriawa Peninsula 
located on the Otago Coast of the South Island, New Zealand at a depth of 8-12 metres in early 
May of 2018. The site was selected for its abundance of M. pyrifera kelp stands and its use as 
a study site in prior works. 5 intact, fully grown (stipe growing horizontal at the water’s surface) 
M. pyrifera individuals were selected from the largest of the stands. Care was taken to ensure 
an individual selected was not immediately adjacent to another. M. pyrifera stipes were 
harvested using metal cutting tools and stored individually in diver catch bags. Careful 
handling of samples was taken to minimize tissue damage. Three seawater samples were 
collected for BBP analysis to provide a comparative value to that of the biofilm samples. Stipe 
samples were transported to the Portobello Marine Laboratory in bins containing site seawater, 
before being stored in flow through tanks within two hours of collection. The samples were 
left to acclimatize for a period of 24 hours before experimentation commenced. Four different 
morphological regions from each individual were selected for further sampling; the lower and 
upper part of lamina located in the senescent growth region (growing close to the holdfast) and 
the lower and upper part of lamina located in the youthful region (growing horizontal to the 
water’s surface) (refer to M. pyrifera schematic, chapter 3, Fig. 2). Lamina heavily epiphytized, 




(4.2.2) Heterotrophic Bacterial Production 
 
As with the previous chapters (Chapter 2 & 3) the modified 3H radiolabeled leucine 
methodology was used (Simon & Azam, 1983). Four 23.8mm2 cuttings (ø 6mm disk) were 
taken from each the new and senescent tissues regions using sterile needlepoint tweezers for 
each of the kelp individuals. Sampling in this manner produces consistent standardized tissue 
samples. Each of the sampled regions cuttings were individually inserted into separate 1.7ml 
Eppendorf cryotubes. Three of these samples are designated technical replicates with the 
associated fourth sample is designated as the blank (control). The technical replicates and 
controls precipitated protein was immersed in 1ml of liquid scintillation cocktail in preparation 
for radioactivity measurement. 
 
Kelp bacterial biofilm uptake of [3H]-labeled leucine was radio-assayed and measured 
as decompositions per minute (DPM) in a Tri-Carb® Liquid Scintillation Counters scintillation 
counter (Perkin-Elmer) with quenching correction using Ultima Gold AB (Perkin-Elmer). The 
technical replicates and blanks were left to sit for a period of several days as a means to 
maximize dispersion of radioactivity into scintillation cocktail fluid before the count was 
performed. Quenching was corrected by the external standard ratio method before the technical 
replicates and their associated controls were put to count. Heterotrophic bacterial production 
of M. pyrifera blade biofilm was calculated from the decompositions per minute obtained via 
radioassay applying the same method of calculation as used in the prior chapters, two and three.  
 
(4.2.3) Biolog Ecolplates 
 
Biolog Ecolog plates were used to investigate the functional diversity and bacterial 
community of M. pyrifera biofilm. This was achieved by firstly producing an inoculant 
comprising of the sample region. To do this ten 23.8mm2 cuttings (ø 6mm disk) were taken 
from each of the four morphological lamina regions using sterile needlepoint tweezers for each 
of the five kelp individuals. A sample regions ten cuttings were placed into a sterile 50ml tube 
along with 15ml of autoclaved filtered (0.22μm) seawater to act as a medium. Tissue samples 
were sonicated for two minutes and vortexed for a further two in order to dislodge the biofilm 
from the tissues surface. The number of tissue cuttings sampled was previously determined 
from trails prior to this study investigating different methods of biofilm removal and 




sterile conditions with their associated sample before being incubated at 15°C for a period of 
eight days. Plates were read at the end of the incubation period at a wavelength of 590 nm using 
a microplate reader (Spectramax M2 spectrofluorometer, Molecular Devices, USA). 
 
Raw absorbance data obtained from each Ecoplate was corrected by the mean 
absorbance of the control wells (without biofilm) in each plate. Values <0.25 were considered 
not consumed and set to zero. The average metabolic response (AMR) was calculated for each 
plate as the average of the mean difference between the optical density of the carbon source 
containing wells and control well ([∑ (c - r)]/n, where r is the raw absorbance of each response 
well, c is the average absorbance of the control wells, and n the number of carbon source wells 
in the plate (31) (Garland and Mills, 1991).  The community metabolic diversity (CMD) is 
represented by the number of substrates utilized by the microbial biofilm community 
(analogous to community functional richness) and is calculated by summing the number of 
positive responses observed.  
 
(4.2.4) EcoPlate Carbon Sources 
 
Biolog EcoPlates (96-well plate) provide 31 different carbon substrates in triplicates 
with a redox dye as well as a control well with no added carbon substrate. The carbon substrates 
are considered ecologically relevant (Derry et al., 1998) with some being typical of terrestrial 
environments and at least nine being common among plant root exudates (Preston-Mafhan et 
al., 2002). Individual plate wells can be categorized into different carbon sources such as 
amines, amino acids, carbohydrates, carboxylic acids, phenolic compounds and polymers 
(Insam, 1997; Christian & Lind, 2006). Depending on the topic at hand carbon sources may 
also be grouped into sugar and its derivatives, amino acids and its derivative, fatty acid and 
lipids, metabolic mediates and secondary metabolites. All substrates contain carbon in their 













Figure 4.1: Biolog Ecoplate wells schematic codified with associated carbon group. Real 




Statistical analyses were carried out using the software JMP Pro 10 (Version 10.0.0) 
and R (Version 3.5.1). ANOVA checked for significance (p < 0.05) between individual carbons 
source consumption and the factor tissue age. ANOVA was also used to checked for 
significance (p < 0.05) between mean biofilm BBP tissue region and age. Levenes test was 




The presence of heterotrophic bacterial biomass production (BBP) of the sampled M. 
pyrifera lamina regions was confirmed by the uptake of radiolabeled leucine. Mean overall 
heterotrophic biofilm BBP was 25.2 µgC m-2 d-1. M. pyrifera blade biofilm was assessed at two 
levels 1) the blades location in relation to the growth region of the individual and 2) the biofilms 
location in relation to its position along the blade (refer to M. pyrifera schematic, chapter 3, 
Fig. 2) Of the kelp tissue measured only young lamina tissue from the young region was found 
to be significantly less productive with all others relatively uniform in their production value. 
M. pyrifera biofilm BBP was found to be significantly more productive than the surrounding 
water column.  
Amines Carboxylic Acids 
Carbohydrates Amino Acids
Complex Carbon Sources Phosphate-Carbon 
Water (Control) Beta-methyl-D-glucoside D-galactonic acid-gamma-lactone L-arginine
Pyruvic acid methyl ester D-xylose D-galacturonic acid L-asparagine
Tween 40 i-erythritol 2-Hydroxy benzoic acid L-phenylalanine
Tween 80 D-mannitol 4-Hydroxy benzoic acid L-serine
Alpha-cyclodextrin N-acetyl-D-glucosamine Gamma-hydroxybutyric acid L-threonine
Glycogen D-glucosaminic acid Itaconic acid Glycyl-L-glutamic acid
D-cellobiose Glucose-1-phosphate Alpha-ketobutyric acid Phenylethylamine







Figure 4.2: Biofilm bacterial biomass production (carbon) for sample M. pyrifera 
tissue and sample site seawater. Levels not connected by the same letter are significantly 
different (α=0.05) (± 1 SE) (tissue samples n=5, water sample n=3).  
 
 
M. pyrifera’s overall mean community metabolic diversity (CMD) as determined by the 
analysis of carbon substrates utilized within Biolog Ecoplates after 192 hours of incubation 
was found to vary significantly with thallus tissue age with the bacterial community of 
senescent tissue having a greater level of diversity. The factor of blade age in terms of young 










































Figure 4.3: Community metabolic diversity for sample M. pyrifera tissue. Levels not 
connected by the same letter are significantly different. (α=0.05) (± 1 SE) (n=5). 
 
 
Biolog Ecoplates were used to highlight carbon compounds utilized by the microbial 
community. 16 of the 31 substrates were identified to have been consumed after the 192-hour 
incubation period. Of the compounds consumed, all had significantly higher rates of 
consumption by the microbial community of senescent tissue biofilm samples. Furthermore, 
Levenes test indicated this consumption was observed to have greater levels variation than that 



































 Figure 4.4: Biolog Ecoplate carbon consumption values (absorption at wavelength 590 nm) for M. pyrifera biofilm associated with senescent 
tissue (old) and young tissue (new). (± 1 SE) (A=Significant difference between tissue age (α=0.05), B=Significant variation (α=0.05) (n=30).  







































































































































































































































































The investigation of bacterial biomass productivity (BBP) and bacterial functional 
diversity (community metabolic diversity) for microbial biofilms on the surface of the kelp M. 
pyrifera revealed lamina tissue age to be the key factor in determining observed differences. 
However, age encompasses a number of different effects and processes over a period of time which 
act upon tissue structure and physiology. These include biotic factors such as the exudation of 
natural products by the kelp that are either antimicrobial or act as a carbon source, natural 
succession of microbial communities (Bengstsson et al., 2010, 2012). Abiotic factors such as 
temperature, water motion, light conditions, seawater nutrient concentrations are also likely to play 
a significant role in determining the bacterial biofilm assemblage as a factor relating to M. pyrifera 
growth and fitness (Stephens et al., 2019). While it is difficult to ascertain the level of effect these 
factors have on biofilms overall, investigating tissue age allows for their evaluation and discussion 
as such factors compound through time.  
 
The rapid expansion of the kelp basal lamina tissue provides a new substrate for 
colonization by bacteria. During M. pyrifera’s peak growth period (New Zealand) and under ideal 
conditions, displays significant his lamina elongation and growth upwards. (Brown et al., 2007). 
While variation in biofilm cell density has yet to be explicitly measured for M. pyrifera, other kelp 
species have. Bengtsson et al. (2010) measured the density of microbial cells for the surface 
biofilm of the kelp Lamaniria hyperborea. Drastically reduced cell densities were found for the 
surface of newly formed tissue (8.3×102 cells cm-2) compared to non-growing mature growth 
(1.0×107 cells cm-2). From this, it is speculated that cell densities on young or recently extruded 
tissue are either suppressed by the host alga or bacterial attachment, division and succession does 
not occur at a rate sufficient enough to achieve higher cell densities on the rapidly expanding kelp 
surface. M. pyrifera has one of the highest growth rates of all the laminarians and it can therefore 
be assumed that such an effect occurs at its surface, and to a greater effect. This conclusion would 
be supported by both biofilm BBP and CMD results whereby young blade tissue is measured as 
being significantly less productive and diverse.  In addition, colonization and succession may be 





produce antifouling secondary metabolites in response to the pressures of fouling and as such 
would result in variation of these factors (Engel et al., 2006).  
 
Optimal defense theory can be used to explain the observed production and diversity 
patterns for M. pyrifera as a function relative to tissue age. Optimal defense predicts that the cost-
benefit ratio for different algae regions/tissues will be maximized depending on the value it has to 
the individual in terms of fitness and the risk associated with reducing that fitness (Rhoades, 1979). 
A major pressure reducing algae fitness may be that of the formation of biofilms on its most 
productive tissues. In the case of M. pyrifera that would be new blade growth closest to PAR rich 
surface waters (Desmond et al., 2015). Such growth is obviously key in terms of primary 
production, but it can also be considered the most important part of the blade as it attaches here to 
the stipe. Biofilms have the potential to significantly reduce the fitness of thallus tissue in this 
region as the microbial community on the thallus may influence the propensity for the surface to 
become fouled by other more deleterious groups. Numerous marine macrofoulers such 
as invertebrate larvae and algal spores use the properties of biofilms as settlement ques and 
indicators of substratum suitability (Wieczorek & Todd 1998; Patel et al., 2003; Paul et al., 2006). 
Therefore, the ability for M. pyrifera to inhibit the formation of biofilms may be particularly 
important in mitigating successive epibiotism as a means to preserve fitness. Furthermore, kelp 
are known to produce a plethora of antifouling secondary metabolites by tissues located in their 
outer most layers (Maschek & Baker, 2008). In this sense specialized antimicrobial metabolites 
located within the region of new tissue growth would significantly improve M. pyrifera fitness. 
This conclusion would also be supported by the production profile measured in previous chapters 
(chapter 3, Fig. 4,5) which also observed reduced BBP in young growth surface tissue. Despite the 
ubiquity of biofilms and the prevalence of microbes in the marine environment, the ecological 
factors that drive their function remain understudied. The case could be made that any factor, 
whether it be natural or anthropogenic, that reduces kelps ability to produce antimicrobial products 
would reduce overall individual fitness and as such could have a significant impact on the marine 







(4.4.1) Interpretation of Biolog Ecoplates  
 
Biolog Ecoplate results from this study provide key insights into biofilm succession 
dynamics by providing a unique ‘fingerprint’ of the given microbial community. Analysis of 
carbon substrate consumption by M. pyrifera biofilm bacteria shows a significant difference 
between the consumption profile of both young and senescent tissue. Of all the carbon sources 
consumed by the biofilm, senescent thallus tissue produced consistently higher absorption values 
compared to that of young tissue, indicating a clear difference between functional diversity of the 
associated bacterial communities.  The specific factors that drive such variation are difficult to 
ascertain. It is likely that natural succession factors and the length of exposure to surrounding 
seawater are key drivers of such an effect.  
 
Seawater contains an exceptionally high number and diversity of microbes. The 
composition of marine bacteria communities is composed of a small subset of abundant taxa that 
make up the majority of bacteria numbers and a very large diversity of low abundant 
microorganisms (Pommier et al., 2007). This low abundance, high diversity group is referred to as 
the rare biosphere (Sogin et al., 2006). Abundant and rare bacteria have arbitrarily been defined as 
populations with relative abundances of ≥1% and of ≤0.1%, respectively (Sogin et al., 2006). As 
new thallus tissue is produced, its surface is free for colonization by the wide range of bacterial 
groups found in the rare biosphere. Initial colonizers may not be well adapted to kelp surface 
conditions. Such colonizers could be opportunistic and generalist in nature.  As such they may not 
even be associated with kelp biofilm assemblages. As competition increases succession factors 
takeover driving the community towards one which is well aligned with the underlying kelp 
substrate. The resulting community is high in both functional diversity and productivity. Such a 
conclusion would be supported by BBP, CMD and Carbon consumption profile measurements 
made here. Furthermore, past studies investigating the microbial communities inhabiting kelp 
surfaces and those of the surrounding water column have found little overlap between the two 
(Bengtsson et al., 2010; Bolinches et al., 1988; Staufenberger et al., 2008). This would lead to 
further support in confirming initial colonization as being conducted by groups from within the 






An element of stochasticity in the bacterial community of kelp surfaces is therefore 
suggested. In such a case, different bacterial species that are functionally equivalent may recruit 
from the adjacent bacterial population (seawater) when fresh substrate tissue is formed. Their 
relative abundances would be determined by stochastic events during colonization, rather than 
ecological advantages determined by their phenotypes. Therefore, host-related gradients and 
unknown environmental factors will not necessarily be a predictive factor for community diversity 
during the initial colonization and biofilm formation. These processes would explain the high 
variation in carbon substrate consumption as succession factors have resulted in functionally 
different but equally productive mature biofilms communities.  
 
(4.4.2) Biolog as Tool for Biofilm Investigation 
 
The Biolog Ecoplate technique is widely implemented because of its simplicity, speed, 
inexpensive nature, usefulness in terms of replicating large scale studies and because the procedure 
yields a high level of information linked to organic carbon consumption that can then be related to 
overall ecosystem function (Preston-Mafhan et al., 2002). However, although a large amount of 
data can be readily obtained from this technique it is fundamental to recognize the limitations of 
any given protocol. Significant care needs to be maintained throughout the protocol since 
incubation conditions and data selection can modify obtained results. Furthermore, results 
produced by Ecoplate Biolog need to be carefully considered in regard to relating them to actual 
‘real world’ systems.  
 
The analysis and interpretation of Biolog Ecoplates data can be convoluted without a clear 
understanding of the factors that dictate their results. Furthermore, while many studies routinely 
employ Biolog Ecoplates, there is no one standardized protocol to follow. The technique as an 
indicator of in situ specific carbon use is incomplete, as most of the organic substrates in the natural 
environment are more complex than those found measured by the plate. This is particularly 
pertinent, as the macroalgae boundary layer is known to contain a wide range of chemical 
compounds derived from primary production, exudation and cell lysis. Additionally, some 
substrates within the plate may not be found within the natural or sampled environment (Smalla et 





is available at the sampling site, but rather gives an indication of the potential carbon substrates 
and pathways that the associated community is able to metabolize. Moreover, the plates are 
selective in nature and may not represent the activity of all community members. Overall, the 
general utilization patterns as defined as the community level physiological profile (CLPP) or the 
‘metabolic fingerprint’ can be readily interpreted but may fail to provide an in depth understanding 
of the ecological factors controlling for it. However, Zak et al. (1994) found that analysis of the 
measured carbon substrate can provide insight into microbial community differences among 
samples. In this sense it is useful to examine what individual carbon chemical products could mean 
in terms of underlying M. pyrifera physiology based on their known production and use.  
 
(4.4.3) Relating Carbon Source Consumption to Kelp Physiology and Ecology 
 
Macroalgal chemistry is both highly diverse and complex, spanning most natural product 
classes and including functional group characteristics found in no other biological source (Amsler, 
2008). Crucially, algal natural products and chemistry is phylogenetically representative (Masheck 
& Baker, 2008). Research regarding the function of many algal products has been heavily studied, 
representing a main focus of early marine chemical ecology. Because macroalgae are abundant, 
chemically rich components of temperate coastal systems, their study has implications for marine 
trophodynamics and ecology. The consumption of Biolog Ecoplate carbon sources by M. pyrifera 
biofilm is discussed below. Note that the lack of a chemical products ecological role to be 
adequately described does not mean one does not exist, and failure to identify a role does not mean 
it lacks ecological relevance. Furthermore, we are limited to the detection of chemical products 
that are released by M. pyrifera and that are consumed by the overlying biofilm. It is therefore 




Phaeophyceae exhibit a unique carbon storage metabolism which has been confirmed by 
recent genome annotations that demonstrate the pathways for sucrose, starch and glycogen 
synthesis are absent from the group (Michel, 2010). In a marked departure from most living 





consumption profile for glycogen by young tissue biofilm is consistent with this finding in that it 
is not synthesized by M. pyrifera. Unexpectedly, glycogen is observed to be readily consumed by 
old tissue biofilm in contradiction to what is expected if M. pyrifera is not producing the compound. 
The results reveal that the mature heterotrophic bacterial community of old tissue is well adapted 
to the consumption of glycogen as a primary carbon source. One explanation for this is that a 
portion of mature tissue bacterial biofilm is capable of synthesizing laminarin into glycogen from 
which it is then consumed by another fraction of the community in a two-step process. 
Alternatively, the community may be scavenging glycogen from an outside source. The 
development of a mature epibiotic community on the surface of old M. pyrifera blades may provide 




D-cellobiose is found to be abscent in the carbohydrate composition of polysaccharides 
extracted from the Phaeophyceae Fucus virsoides and Undaria pinnatfida (Rizzo et al., 2017). 
This finding suggests that it is also absent within M. pyrifera. However, the mature biofilm was 
found to readily consume D-cellobiose, which if not synthesized, is contradictory to the 
assumption that the biofilm is well aligned with the products of the underlying tissue. As with 
glycogen, it is asserted that D-cellobiose is either produced and consumed by the bacterial 




D-xylose has been shown to be produced in very small amounts in association with the 
heterogenous polysaccharide fucoidan (Wei et al., 2013).  Naturally occurring marine bacteria 
have been shown to consume D-xylose as a carbon source (Wei et al., 2013). The lack of 
consumption by the bacterial biofilm of both old and new tissue supports the finding that D-xylose 










Phaeophyceae photo-assimilate D-fructose with 6- phosphate converting them into D-
mannitol for which it is utilized as an energy source and a form of carbon storage (Michel et al., 
2010). The bacterial biofilms of both new and old tissue readily consumed mannitol as a carbon 
source. Increased levels of consumption by the mature biofilm indicates succession and alignment 
of the biofilm community to the consumption of mannitol 
 
One of the most important physiological functions of mannitol is its use in the control of 
cell turgor (Davison and Reed 1985) and has been found to accumulate within several brown algal 
species (Munda,1964; Reed et al., 1985; Iwamoto & Shiraiwa, 2005). Therefore, mannitol likely 




L-asparagine is notable for the role it plays in zoospore defense by the Rhodophyte 
Chondrus crispus. C. crispus cell wall carrageenan oligosaccharides stimulate the secretion of L-
asparagine in the filamentous endophytic alga Acrochaete operculate, L-asparagine in turn triggers 
the host to generate hydrogen peroxide in defense (Weinberger et al., 2005). Weinberger et al. 
(2005) demonstrated Acrochaete operculate settlement on C. chondrus was reduced by 86% when 
in the presence of L-asparagine. The use of ‘oxidative burst’ as a defense measure from fouling 
and pathogens by macroalgae is well documented (Weinberger et al., 1999; Steinberg & de Nys, 
2002; Weinberger & Freidlander, 2000). L-asparagine as a carbon source was readily consumed 
by the mature biofilm of M. pyrifera. M. pyrifera may be utilizing L-asparagine in a similar 
capacity to C. chondrus by means of oxidative burst to limit or select the its epibiotic community 
and as such the bacterial community has aligned to its consumption. 
 
L-serine & L-threonine 
 
Compounds extracted from the surface of the Phaeophyceae Fucus vesiculosus have a 





bacterial biofilms have on invertebrate larval settlement ques (Wieczorek & Todd 1998; Patel et 
al., 2003; Paul et al., 2006), F. vesiculosus is shown to select its biofilm in order to inhibit the 
colonization of deleterious barnacle cyprids. (Lachnit et al., 2009). The composition of the 
compounds extracted from the surface of F. vesiculosus featured only two amino acids, L-serine 
and L-threonine (Lachnit et al., 2009). Both L-serine and L-threonine were readily consumed by 
the mature biofilm of M. pyrifera suggesting the algae may be producing a similar surface 




Members of the phylum Bacteroidetes constitute one of the major groups of marine 
heterotrophic bacterioplankton and are recognized as one of the most important specialists in the 
degradation of polysaccharides. Belonging to the Bacteroidetes group, Algibacter sp. is typically 
isolated from or near macroalgae indicating a strong preference for the consumption of a complex 
range of algal polysaccharides. Algibacter alginolytica was isolated from the seaweed Laminaria 
japonica and was shown to be proficient at the degradation of host polysaccharides (Sun et al., 
2016). Furthermore, using Biolog GN2, A. alginolytica was shown to grow with Glycyl-L-
glutamic acid, D-cellobiose, hydroxybutyric acid and itaconic acid as its primary carbon source. 
Sun et al., 2016).  High levels of consumption of these carbon sources by the mature biofilm of M. 
pyrifera may imply the colonization and succession of Bacteroidetes and more specifically 
Algibacter sp. as a dominant group on its blades. This assertion is supported by Bengstson et al. 





Putrescine is found in several marine red and brown macroalgae species and is involved in 
the regulation of growth and stress responses. (Marián et al., 2008). Its relatively low consumption 
by the bacterial biofilm of M. pyrifera suggests that either M. pyrifera doesn’t produce, doesn’t 







(4.5) Conclusion  
 
This study provides a detailed examination of the dynamics of M. pyrifera thallus bacterial 
biofilm. Antimicrobial secondary metabolites in response to mitigating the deleterious effects of 
fouling as well as natural microbial succession factors are highlighted as being key factors in 
determining both the productivity and functional diversity of a given biofilm. Furthermore, by 
analyzing the carbon consumption profiles of bacterial biofilms associated with different tissue 
age conclusions have been drawn regarding kelp secondary metabolite production and kelp 
physiology as whole. This study is the first to characterize macroalgae biofilms through the use of 
Biolog Ecoplates and acts to highlight their ability of as a useful tool for investigating the dynamics 
of the biofilms residing on natural surfaces. This study adds too, and has implications for, all 
marine microbial works in that it highlights the effect stochastic and succession factors have on 
biofilms. In this regard future studies will need to consider such factors in the analysis of their 















Chapter 5. Synthesis of Findings and Future Research  
 
(5.1) Synthesis  
 
The overarching aim of this study was to (1) advance our understanding on the fate of 
macroalgae primary production within the marine system and (2) further develop our 
understanding of how bacterial biofilms function and to better apprehend their relationship with 
macroalgae. More specifically we aimed to quantify the production of heterotrophic bacterial 
biofilms associated with macroalgae within the context of temperate kelp forest ecosystems in 
order to better understand marine ecosystem function. This study provides a baseline for numerous 
aspects of macroalgae biofilm productivity and lays the foundation for further study on the subject. 
Conclusions reached from this research have implications on how marine food web function is 
viewed and further advances our understanding on biofilm formation and function.  
 
The tritiated leucine incorporation method was used to measure bacterial biomass 
productivity on the surfaces of numerous marine macroalgae species. All measured species were 
found to have biofilms inhabited by active heterotrophic bacteria, however observed production 
rates varied between both site and species. The factors controlling for the observed variations are 
likely a result of a complex interplay between physical (water motion, currents, turbulence), 
physiological (DOC production, antibacterial metabolites)and ecological processes (succession, 
early colonizers). Physical factors likely exert control over biofilm productivity through their 
influence on host productivity and fitness. Individuals under beneficial growth conditions likely 
release higher levels of DOC as a consequence of increased carbon photo-fixation, which in turn 
drives heterotrophic bacterial production. Furthermore, evidence suggests that physical stresses 
such as cell wall damage induced by desiccation may act to enhance biofilm productivity through 
the release of cell carbon products. 
 
Underlying host specific tissue characteristics are identified to be important in controlling 
associated macroalgae biofilm productivity. More specifically, productivity is linked to microbial 
successional factors that drive the bacterial assemblage to align with the consumption of host 





take over whereby productivity is observed to increase as a result of a well-adapted bacterial 
community. Furthermore, macroalgae are known to deploy a range of antimicrobial secondary 
metabolites as a means to control or mitigate epibiosis resulting in the variation of biofilm BBP 
between species and groups (Engel et al., 2006; Maschek & Baker, 2008).  
 
Tritiated leucine experiments indicate a relatively uniform trend in the biofilm productivity 
profile for macroalgae species found in southern New Zealand with the exception of M. pyrifera 
and at times Ulva sp. which exhibited much higher rates. However, when considering the carbon 
contribution of biofilm BPP to the carbon flux of the system as a whole it is noted that macroalgae 
abundance is the controlling factor. As such, it is concluded that BBP alone should not be used as 
a sole metric for a biofilms carbon contribution to a system, rather it should be considered in the 
context of species abundance/biomass as well as general surface area.  
 
The assessment of the carbon consumption profile of M. pyrifera biofilm using Biolog 
Ecoplates provided insights into host-epiphyte interactions and elucidated factors of their greater 
ecology. The exceptionally high diversity of marine bacteria means these findings are key in 
bacterial diversity and linking it to function bridging our current knowledge gap. More specifically, 
this study shows it is possible to relate the consumption of specific carbon sources by the bacterial 
biofilm with that of their physiological function. The results demonstrated a relationship between 
consumption and carbon products associated with metabolism, defense and stress regulation. 
Biolog Ecoplates were also capable of linking known bacteria groups associated with other 
Phaeophyceae species with that of M. pyrifera biofilm.   
 
(5.2) Future Research  
 
This study is the first to examine macroalgae biofilms in terms of heterotrophic biomass 
production across a range of species within the context of the marine ecosystem as a whole. In 
doing so a baseline has been provided for future work on the subject. By further developing our 
understanding of the pathways macroalgae derived carbon takes, a more cohesive understanding 
of marine food web function can be formed. Future research into DOC in terms of quantifying its 





and investigating the reasons for its release would work towards bridging knowledge gaps. 
Furthermore, Biolog Ecoplates could be tailored with carbon sources designed to measure more 
relevant macroalgal products. Such a tool would provide a simple and effective means for 
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